Introduction {#Sec1}
============

Heavy-flavour hadrons, containing open or hidden charm and beauty flavour, are among the most important tools for the study of Quantum Chromodynamics (QCD) in high-energy hadronic collisions, from the production mechanisms in proton--proton collisions (pp) and their modification in proton--nucleus collisions (p--A) to the investigation of the properties of the hot and dense strongly interacting Quark--Gluon Plasma (QGP) in nucleus--nucleus collisions (AA).

Heavy-flavour production in pp collisions provides important tests of our understanding of various aspects of QCD. The heavy-quark mass acts as a long distance cut-off so that the partonic hard-scattering process can be calculated in the framework of perturbative QCD down to low transverse momenta ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$). When the heavy-quark pair forms a quarkonium bound state, this process is non-perturbative as it involves long distances and soft momentum scales. Therefore, the detailed study of heavy-flavour production and the comparison to experimental data provides an important testing ground for both perturbative and non-perturbative aspects of QCD calculations.

In nucleus--nucleus collisions, open and hidden heavy-flavour production constitutes a sensitive probe of the hot strongly interacting medium, because hard-scattering processes take place in the early stage of the collision on a time scale that is in general shorter than the QGP thermalisation time. Disentangling the medium-induced effects and relating them to its properties requires an accurate study of the so-called cold nuclear matter (CNM) effects, which modify the production of heavy quarks in nuclear collisions with respect to proton--proton collisions. CNM effects, which can be measured in proton--nucleus interactions, include: the modification of the effective partonic luminosity in nuclei (which can be described using nuclear-modified parton densities), due to saturation of the parton kinematics phase space; the multiple scattering of partons in the nucleus before and after the hard scattering; the absorption or break-up of quarkonium states, and the interaction with other particles produced in the collision (denoted as comovers).

The nuclear modification of the parton distribution functions can also be studied, in a very clean environment, using quarkonium photoproduction in ultra-peripheral nucleus--nucleus collisions, in which a photon from the coherent electromagnetic field of an accelerated nucleus interacts with the coherent gluon field of the other nucleus or with the gluon field of a single nucleon in the other nucleus.

During their propagation through the QGP produced in high-energy nucleus--nucleus collisions, heavy quarks interact with the constituents of this medium and lose a part of their momentum, thus being able to reveal some of the QGP properties. QCD energy loss is expected to occur via both inelastic (radiative energy loss, via medium-induced gluon radiation) and elastic (collisional energy loss) processes. Energy loss is expected to depend on the parton colour-charge and mass. Therefore, charm and beauty quarks provide important tools to investigate the energy-loss mechanisms, in addition to the QGP properties. Furthermore, low-$\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ heavy quarks could participate, through their interactions with the medium, in the collective expansion of the system and possibly reach thermal equilibrium with its constituents.

In nucleus--nucleus collisions, quarkonium production is expected to be significantly suppressed as a consequence of the colour screening of the force that binds the $\documentclass[12pt]{minimal}
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                \begin{document}$${c\overline{c}}$$\end{document}$ ($\documentclass[12pt]{minimal}
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                \begin{document}$${b\overline{b}}$$\end{document}$) state. In this scenario, quarkonium suppression should occur sequentially, according to the binding energy of each state. As a consequence, the in-medium dissociation probability of these states are expected to provide an estimate of the initial temperature reached in the collisions. At high centre-of-mass energy, a new production mechanism could be at work in the case of charmonium: the abundance of *c* and $\documentclass[12pt]{minimal}
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                \begin{document}$$\overline{c}$$\end{document}$ quarks might lead to charmonium production by (re)combination of these quarks. An observation of the recombination of heavy quarks would therefore directly point to the existence of a deconfined QGP.

The first run of the Large Hadron Collider (LHC), from 2009 to 2013, has provided a wealth of measurements in pp collisions with unprecedented centre-of-mass energies $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}$$\end{document}$ from 2.76 to 8 TeV, in p--Pb collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s_{\mathrm{NN}}} =5.02$$\end{document}$ TeV per nucleon--nucleon interaction, in Pb--Pb collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s_{\mathrm{NN}}} = 2.76$$\end{document}$ TeV, as well as in photon-induced collisions. In the case of heavy-ion collisions, with respect to the experimental programmes at SPS and RHIC, the LHC programme has not only extended by more than one order of magnitude the range of explored collision energies, but it has also largely enriched the studies of heavy-flavour production, with a multitude of new observables and improved precision. Both these aspects were made possible by the energy increase, on the one hand, and by the excellent performance of the LHC and the experiments, on the other hand.

This report results from the activity of the SaporeGravis network[1](#Fn1){ref-type="fn"} of the I3 Hadron Physics programme of the European Union $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$7\mathrm{th}$$\end{document}$ FP. The network was structured in working groups, that are reflected in the structure of this review, and it focussed on supporting and strengthening the interactions between the experimental and theoretical communities. This goal was, in particular, pursued by organising two large workshops, in Nantes (France)[2](#Fn2){ref-type="fn"} in December 2013 and in Padova (Italy)[3](#Fn3){ref-type="fn"} in December 2014.

The report is structured in eight sections. Sections [2](#Sec2){ref-type="sec"}, [3](#Sec18){ref-type="sec"}, [4](#Sec33){ref-type="sec"}, [5](#Sec59){ref-type="sec"} and [6](#Sec81){ref-type="sec"} review, respectively: heavy-flavour and quarkonium production in proton--proton collisions, the cold nuclear matter effects on heavy-flavour and quarkonium production in proton--nucleus collisions, the QGP effects on open heavy-flavour production in nucleus--nucleus collisions, the QGP effects on quarkonium production in nucleus--nucleus collisions, and the production of charmonium in photon-induced collisions. Sect. [7](#Sec95){ref-type="sec"} presents an outlook of future heavy-flavour studies with the LHC and RHIC detector upgrades and with new experiments. A short summary concludes the report in Sect. [8](#Sec103){ref-type="sec"}.

Heavy flavour and quarkonium production in proton--proton collisions {#Sec2}
====================================================================

Production mechanisms of open and hidden heavy-flavour in proton--proton collisions {#Sec3}
-----------------------------------------------------------------------------------

### Open-heavy-flavour production {#Sec4}

Open-heavy-flavour production in hadronic collisions provides important tests of our understanding of various aspects of Quantum Chromodynamics (QCD). First of all, the heavy-quark mass ($\documentclass[12pt]{minimal}
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                \begin{document}$$m_Q$$\end{document}$) acts as a long distance cut-off so that this process can be calculated in the framework of perturbative QCD down to low $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ and it is possible to compute the total cross section by integrating over $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$. Second, the presence of multiple hard scales ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$) allows us to study the perturbation series in different kinematic regions ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} < m_Q$$\end{document}$, $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} \gg m_Q$$\end{document}$). Multiple hard scales are also present in other collider processes of high interest such as weak boson production, Higgs boson production and many cases of physics Beyond the Standard Model. Therefore, the detailed study of heavy-flavour production and the comparison to experimental data provides an important testing ground for the theoretical ideas that deal with this class of problems.

On the phenomenological side, the (differential) cross section for open-heavy-flavour production is sensitive to the gluon and the heavy-quark content in the nucleon, so that LHC data in $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm pp$$\end{document}$ and p--Pb collisions can provide valuable constraints on these parton-distribution functions (PDFs) inside the proton and the lead nucleus, respectively. In addition, these cross sections in $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm pp$$\end{document}$ and p--A collisions establish the baseline for the study of heavy-quark production in heavy-ion collisions. This aspect is a central point in heavy-ion physics since the suppression of heavy quarks at large $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ is an important signal of the QGP (see Sect. [4](#Sec33){ref-type="sec"}). Finally, let us also mention that a solid understanding of open-charm production is needed in cosmic-ray and neutrino astrophysics \[[@CR1]\]. In the following, we will focus on $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm pp$$\end{document}$ collisions and review the different theoretical approaches to open-heavy-flavour production.

*Fixed-Flavour-Number Scheme* Conceptually, the simplest scheme is the Fixed-Flavour-Number Scheme (FFNS) where the heavy quark is not an active parton in the proton. Relying on a factorisation theorem, the differential cross section for the inclusive production of a heavy quark *Q* can be calculated as follows:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned}&\mathrm {d}\sigma ^{Q+X}[s,p_{\mathrm {T}},y, m_Q]\nonumber \\&\quad \simeq \sum _{i,j} \int _0^1 \mathrm {d}x_i \int _0^1 dx_j\, f^A_i(x_i,\mu _F) f^B_j(x_j,\mu _F) \nonumber \\&\qquad \times \mathrm {d}{\tilde{\sigma }}_{ij\rightarrow Q+X}[x_i,x_j,s,p_{\mathrm {T}},y,m_Q,\mu _F,\mu _R], \end{aligned}$$\end{document}$$ or in short$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathrm {d}\sigma ^{Q+X} \simeq \sum _{i,j} f^A_i \otimes f^B_j \otimes \mathrm {d}{\tilde{\sigma }}_{ij\rightarrow Q+X}, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ and *y* are the transverse momentum and the rapidity of the heavy quark and *s* is the square of the hadron centre-of-mass energy. The PDFs $\documentclass[12pt]{minimal}
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                \begin{document}$$f_j^B$$\end{document}$) give the number density of the parton of flavour '*i*' ('*j*') inside the hadron '*A*' ('*B*') carrying a fraction $\documentclass[12pt]{minimal}
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                \begin{document}$$x_j$$\end{document}$) of the hadron momentum at the factorisation scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _F$$\end{document}$. Furthermore, the short-distance cross section $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {d}{\tilde{\sigma }}$$\end{document}$ is the partonic cross section from which the so-called mass singularities or collinear singularities associated to the light quarks and the gluon have been removed via the mass-factorisation procedure and which therefore also depends on $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _F$$\end{document}$. The partonic cross section also depends on the strong-coupling constant $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$, which is evaluated at the renormalisation scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _R$$\end{document}$. As a remainder of this procedure, the short-distance cross section will depend on logarithms of the ratio of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _F$$\end{document}$ with the hard scale. In order to avoid large logarithmic contributions, the factorisation scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _F$$\end{document}$ should be chosen in the vicinity of the hard scale. Also the renormalisation scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _R$$\end{document}$ is determined by the hard scale. The tilde is used to indicate that the finite collinear logarithms of the heavy-quark mass present in the partonic cross section have not been removed by the mass-factorisation procedure. These logarithms are therefore not resummed to all orders in the FFNS but are accounted for in Fixed-Order (FO) perturbation theory. The error of the approximation in Eq. ([1](#Equ1){ref-type=""}) is suppressed by an inverse power of the hard scale which is set by the mass or the transverse momentum of the heavy quark, i.e. it is on the order of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{O}((\Lambda /\mu _F)^p)$$\end{document}$ where $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda \sim 200~\text {MeV} $$\end{document}$ is a typical hadronic scale, and $\documentclass[12pt]{minimal}
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                \begin{document}$$p=1$$\end{document}$ or 2.

In Eq. ([1](#Equ1){ref-type=""}), a sum over all possible sub-processes $\documentclass[12pt]{minimal}
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                \begin{document}$$i+j \rightarrow Q + X$$\end{document}$ is understood, where *i*, *j* are the active partons in the proton: $\documentclass[12pt]{minimal}
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                \begin{document}$$i,j \in \{q,\overline{q}=(u,\overline{u}, d, \overline{d}, s, \overline{s}), g\}$$\end{document}$ for a FFNS with three active flavours (3-FFNS) usable for both charm and beauty production, and $\documentclass[12pt]{minimal}
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                \begin{document}$$i,j \in \{q,\overline{q}=(u,\overline{u}, d, \overline{d}, s, \overline{s}, c, \overline{c}), g\}$$\end{document}$ in the case of four active flavours (4-FFNS) often used for beauty production. In the latter case, the charm quark is also an active parton (for $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _F > m_c$$\end{document}$) and the charm-quark mass is neglected in the hard-scattering cross section $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {d}{\tilde{\sigma }}$$\end{document}$ whereas the beauty quark mass $\documentclass[12pt]{minimal}
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                \begin{document}$$m_b$$\end{document}$ is retained. At the leading order (LO) in $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S$$\end{document}$, there are only two sub-processes which contribute: (i) $\documentclass[12pt]{minimal}
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                \begin{document}$$q+\overline{q} \rightarrow Q+ \overline{Q}$$\end{document}$, (ii) $\documentclass[12pt]{minimal}
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                \begin{document}$$g + g \rightarrow Q+ \overline{Q}$$\end{document}$. At the next-to-leading order (NLO), the virtual one-loop corrections to these $\documentclass[12pt]{minimal}
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                \begin{document}$$2\rightarrow 2$$\end{document}$ processes have to be included in addition to the following $\documentclass[12pt]{minimal}
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                \begin{document}$$2\rightarrow 3$$\end{document}$ processes: (i) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$q+\overline{q} \rightarrow Q+ \overline{Q} + g$$\end{document}$, (ii) $\documentclass[12pt]{minimal}
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                \begin{document}$$g + g \rightarrow Q+ \overline{Q} + g$$\end{document}$, (iii) $\documentclass[12pt]{minimal}
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                \begin{document}$$g+q\rightarrow q + Q+ \overline{Q}$$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$$g+\overline{q}\rightarrow \overline{q} + Q+ \overline{Q}$$\end{document}$. Complete NLO calculations of the integrated/total cross section and of one-particle inclusive distributions were performed in the late 80s \[[@CR2]--[@CR5]\]. These calculations form also the basis for more differential observables/codes \[[@CR6]\] (where the phase space of the second heavy quark has not been integrated out) allowing us to study the correlations between the heavy quarks -- sometimes referred to as NLO MNR. They are also an important ingredient to the other theories discussed below (FONLL, GM-VFNS, POWHEG, MC\@NLO).

The typical range of applicability of the FFNS at NLO is roughly $\documentclass[12pt]{minimal}
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                \begin{document}$$0 \le p_{\mathrm {T}} \lesssim 5 \times m_Q$$\end{document}$. A representative comparison with data has been made for $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm B^{+}$$\end{document}$ production in \[[@CR7]\] where it is clear that the predictions of the FFNS at NLO using the branching fraction $\documentclass[12pt]{minimal}
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                \begin{document}$$B(b \rightarrow \mathrm{B}) = 39.8~\%$$\end{document}$ starts to overshoot the Tevatron data for $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} \gtrsim 15~~\text {GeV}/c$$\end{document}$ even considering the theoretical uncertainties evaluated by varying the renormalisation and factorisation scales by factors of 2 and 1/2 around the default value[4](#Fn4){ref-type="fn"}$\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm{T}=\sqrt{m_Q^2+p_{\mathrm {T}} ^2}$$\end{document}$.
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The same conclusions about the range of applicability of the FFNS apply at the LHC where the heavy-quark production is dominated by the *gg*-channel (see, e.g. Figure 3 in \[[@CR7]\]) over the $\documentclass[12pt]{minimal}
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                \begin{document}$${q\overline{q}}$$\end{document}$ one. As can be seen, the uncertainty at NLO due to the scale choice is very large (about a factor of two). For the case of top pair production, complete NNLO calculations are now available for both the total cross section \[[@CR8]\] and, most recently, the differential distributions \[[@CR9]\]. To make progress, it will be crucial to have NNLO predictions for charm and beauty production as well.
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                \begin{document}$$m_Q$$\end{document}$ is neglected in the calculation of the short-distance cross sections, the scheme is called Zero-Mass VFNS (ZM-VFNS). The theoretical foundation of this scheme is provided by a well-known factorisation theorem and the differential cross section for the production of a heavy-flavoured hadron ($\documentclass[12pt]{minimal}
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                \begin{document}$$i+j\rightarrow k+X$$\end{document}$ since *a*, *b*, *c* can be gluons, light quarks, and heavy quarks. A calculation of all sub-processes at NLO has been performed in the late 1980s \[[@CR10]\].

Concerning the FFs into the heavy-flavoured hadron $\documentclass[12pt]{minimal}
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                \begin{document}$$D_Q^H(z)$$\end{document}$ describing the hadronisation of the heavy quark into the hadron *H*: $$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} D_k^H(z,\mu _F') = D_k^Q(z,\mu _F') \otimes D_Q^H(z). \end{aligned}$$\end{document}$$ The PFFs resum the final-state collinear logarithms of the heavy-quark mass. Their scale-dependence is governed by the DGLAP evolution equations and the boundary conditions for the PFFs at the initial scale are calculable in the perturbation theory. On the other hand, the scale-independent FF is a non-perturbative object (in the case of heavy-light-flavoured hadrons) which is assumed to be universal. It is usually determined by a fit to $\documentclass[12pt]{minimal}
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                \begin{document}$$e^{+}e^{-} $$\end{document}$ data, although approaches exist in the literature which attempt to compute these functions. It is reasonable to identify the scale-independent fragmentation function in Eq. ([3](#Equ3){ref-type=""}) with the one in Eq. ([5](#Equ5){ref-type=""}). This function describing the hadronisation process involves long-distance physics and might be modified in the presence of a QGP, whereas the PFFs (or the unresummed collinear logarithms $\documentclass[12pt]{minimal}
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                \begin{document}$$D_k^H(z,\mu _F')$$\end{document}$, in complete analogy with the treatment of FFs into light hadrons (pions, kaons). These boundary conditions are again evolved to larger scales $\documentclass[12pt]{minimal}
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                \begin{document}$$D(z,\mu _F')$$\end{document}$) are directly determined as functions in *z*-space whereas the FFs in the PFF approach are determined in Mellin-*N*-space where the *N*th Mellin moment of a function *f*(*z*) ($\documentclass[12pt]{minimal}
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                \begin{document}$$f(N) = \int _0^1 \mathrm{d}z\ z^{N-1} f(z)$$\end{document}$. *GM-VFNS* The FFNS and the ZM-VFNS are valid only in restricted and complementary regions of the transverse momentum. For this reason, it is crucial to have a unified framework which combines the virtues of the massive FO calculation in the FFNS and the massless calculation in the ZM-VFNS. The General-Mass VFNS (GM-VFNS) \[[@CR15], [@CR16]\] is such a framework which is valid in the entire kinematic range from the smallest to the largest transverse momenta ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} \ll m_Q, p_{\mathrm {T}} \simeq m_Q, p_{\mathrm {T}} \gg m_Q$$\end{document}$). It is very similar to the ACOT heavy-flavour scheme \[[@CR17], [@CR18]\] which has been formulated for structure functions in deep inelastic scattering (DIS). Different variants of the ACOT scheme exist like the S-ACOT scheme \[[@CR19]\] and the (S)-ACOT$\documentclass[12pt]{minimal}
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                \begin{document}$$_\chi $$\end{document}$ scheme \[[@CR20]\] which are used in global analyses of PDFs by the CTEQ Collaboration and the ACOT scheme has been extended to higher orders in Refs. \[[@CR21]--[@CR23]\]. The theoretical basis for the ACOT scheme has been laid out in an all-order proof of a factorisation theorem with massive quarks by Collins \[[@CR24]\]. While the discussion in \[[@CR24]\] deals with inclusive DIS, it exemplifies the general principles for the treatment of heavy quarks in perturbative QCD (see also \[[@CR25], [@CR26]\]) which should be applicable to other processes as well. Therefore, it is very important to test these ideas also in the context of less inclusive observables. First steps in this direction had been undertaken in \[[@CR27], [@CR28]\] where the ACOT scheme had been applied to inclusive D-meson production in DIS. The case of hadroproduction in the ACOT scheme had been studied for the first time in \[[@CR29]\] taking into account the contributions from the NLO calculation in the FFNS combined with the massless contributions in the ZM-VFNS from all other sub-processes at $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma $$\end{document}$p collisions in a series of papers \[[@CR7], [@CR15], [@CR30]--[@CR38]\] and has been successfully compared to experimental data from LEP, HERA, Tevatron and the LHC. Furthermore, inclusive lepton spectra from heavy-hadron decays have been studied for $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$ from B decays \[[@CR40]\]. A number of comparisons with hadroproduction data are discussed in Sect. [2.2](#Sec6){ref-type="sec"}.

The cross section for inclusive heavy-flavour hadroproduction in the GM-VFNS is calculated using a factorisation formula similar to the one in Eq. ([4](#Equ4){ref-type=""}):$$\documentclass[12pt]{minimal}
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                \begin{document}$$m_Q^2/p_{\mathrm {T}} ^2$$\end{document}$) are retained in the short-distance cross sections of sub-processes involving heavy quarks. More precisely, the heavy-quark-mass terms are taken into account in the sub-processes $\documentclass[12pt]{minimal}
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                \begin{document}$$Q+g\rightarrow g+X$$\end{document}$, \...) as is done in the S-ACOT scheme \[[@CR19]\]. The massive hard-scattering cross sections are defined in a way that they approach, in the limit $\documentclass[12pt]{minimal}
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                \begin{document}$$m_Q/p_{\mathrm {T}} \rightarrow 0$$\end{document}$, the massless hard-scattering cross sections defined in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\overline{\mathrm{MS}}$$\end{document}$ scheme. Therefore, the GM-VFNS approaches the ZM-VNFS at large $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} \gg m_Q$$\end{document}$. It can be shown that the GM-VFNS converges formally to the FFNS at small $\documentclass[12pt]{minimal}
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*FONLL* Similar to the GM-VFNS, the Fixed-Order plus Next-to-Leading Logarithms (FONLL) approach \[[@CR41]\] is a unified framework which is valid in the entire kinematic range ($\documentclass[12pt]{minimal}
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                \begin{document}$$b $$\end{document}$ quark production at the LHC with a centre-of-mass energy of 7 $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$p_{\mathrm {T}} \gg m_Q$$\end{document}$ where the finite power-like mass terms can be neglected and the cross section is dominated by the collinear logarithm of the heavy-quark mass.
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                \begin{document}$$p_{\mathrm {T}} \rightarrow 0$$\end{document}$, which effectively suppresses the contribution from the divergent *b*-quark initiated contributions in $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {d}\sigma _{RS}$$\end{document}$. In the FONLL, the interpolating function is chosen to be $\documentclass[12pt]{minimal}
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                \begin{document}$$G(m_Q,p_{\mathrm {T}}) = p_{\mathrm {T}} ^2/(p_{\mathrm {T}} ^2 + a^2 m_Q^2)$$\end{document}$ where the constant is set to $\documentclass[12pt]{minimal}
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                \begin{document}$$a=5$$\end{document}$ on phenomenological grounds. In this language the GM-VFNS is given by $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {d}\sigma _\mathrm{GM-VFNS} = \mathrm {d}\sigma _\mathrm{FO} + \mathrm {d}\sigma _\mathrm{RS} - \mathrm {d}\sigma _\mathrm{FOM0}$$\end{document}$, i.e. no interpolating factor is used.

Other differences concern the non-perturbative input. In particular, the FONLL scheme uses fragmentation functions in the PFF formalism whereas the GM-VFNS uses fragmentation functions which are determined in the *z*-space in the BKK approach.

*Monte Carlo generators* The GM-VFNS and FONLL calculations are mostly analytic and provide a precise description of the inclusive production of a heavy hadron or its decay products at NLO$\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$NLL accuracy. Compared to this, general-purpose Monte-Carlo generators like PYTHIA \[[@CR45]\] or HERWIG \[[@CR46]\] allow for a more complete description of the hadronic final state but only work at LO$\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$LL accuracy. However, in the past decade, NLO Monte Carlo generators have been developed using the MC\@NLO \[[@CR47]\] and POWHEG \[[@CR48]\] methods for a consistent matching of NLO calculations with parton showers. They, therefore, have all the strengths of Monte Carlo generators, which allow for a complete modelling of the hadronic final state (parton showering, hadronisation, decay, detector response), while, at the same time, the NLO accuracy in the hard scattering is kept and the soft/collinear regimes are resummed at the LL accuracy. A comparison of POWHEG NLO Monte Carlo predictions for heavy-quark production in $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm pp$$\end{document}$ collisions at the LHC with the ones from the GM-VFNS and FONLL can be found in \[[@CR49]\].

### Quarkonium-production mechanism {#Sec5}

The theoretical study of quarkonium-production processes involves both pertubative and non-perturbative aspects of QCD. On one side, the production of the heavy-quark pair, $\documentclass[12pt]{minimal}
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                \begin{document}$${Q\overline{Q}}$$\end{document}$, which will subsequently form the quarkonium, is expected to be perturbative since it involves momentum transfers at least as large as the mass of the considered heavy quark, as for open-heavy-flavour production discussed in the previous section. On the other side, the evolution of the $\documentclass[12pt]{minimal}
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                \begin{document}$${Q\overline{Q}}$$\end{document}$ pair into the physical quarkonium state is non-perturbative, over long distances, with typical momentum scales such as the momentum of the heavy-quarks in the bound-state rest frame, $\documentclass[12pt]{minimal}
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                \begin{document}$$m_Q v^2$$\end{document}$, *v* being the typical velocity of the heavy quark or antiquark in the quarkonium rest frame ($\documentclass[12pt]{minimal}
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                \begin{document}$$v^2\sim 0.3$$\end{document}$ for the charmonium and 0.1 for the bottomonium).

In nearly all the models or production mechanisms discussed nowadays, the idea of a factorisation between the pair production and its binding is introduced. Different approaches differ essentially in the treatment of the hadronisation, although some may also introduce new ingredients in the description of the heavy-quark-pair production. In the following, we briefly describe three of them which can be distinguished in their treatment of the non-perturbative part: the Colour-Evaporation Model (CEM), the Colour-Singlet Model (CSM), the Colour-Octet Mechanism (COM), the latter two being encompassed in an effective theory referred to as Non-Relativistic QCD (NRQCD).

*The Colour-Evaporation Model (CEM)* This approach is in line with the principle of quark--hadron duality \[[@CR50], [@CR51]\]. As such, the production cross section of quarkonia is expected to be directly connected to that to produce a $\documentclass[12pt]{minimal}
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                \begin{document}$${Q\overline{Q}}$$\end{document}$ pair in an invariant-mass region where its hadronisation into a quarkonium is possible, that is between the kinematical threshold to produce a quark pair, $\documentclass[12pt]{minimal}
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                \begin{document}$$2m_Q$$\end{document}$, and that to create the lightest open-heavy-flavour hadron pair, $\documentclass[12pt]{minimal}
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                \begin{document}$$2m_{H}$$\end{document}$.

The cross section to produce a given quarkonium state is then supposed to be obtained after a multiplication by a phenomenological factor $\documentclass[12pt]{minimal}
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                \begin{document}$$F_\mathcal{Q}$$\end{document}$ related to a process-independent probability that the pair eventually hadronises into this state. One assumes that a number of non-perturbative-gluon emissions occur once the $\documentclass[12pt]{minimal}
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                \begin{document}$$Q \overline{Q}$$\end{document}$ pair is produced and that the quantum state of the pair at its hadronisation is essentially decorrelated -- at least colour-wise -- with that at its production. From the reasonable assumption \[[@CR52]\] that one ninth -- one colour-*singlet*$\documentclass[12pt]{minimal}
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                \begin{document}$${Q\overline{Q}}$$\end{document}$ configuration out of nine possible -- of the pairs in the suitable kinematical region hadronises in a quarkonium, a simple statistical counting \[[@CR52]\] was proposed based on the spin $\documentclass[12pt]{minimal}
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                \begin{document}$$F_\mathcal{Q}= {1}/{9} \times {(2 J_\mathcal{Q} +1)}/{\sum _i (2 J_i +1)}$$\end{document}$, where the sum over *i* runs over all the charmonium states below the open heavy-flavour threshold. It was shown to reasonably account for existing $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ hadroproduction data of the late 1990s and, in fact, is comparable to the fit value in \[[@CR53]\].
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                \begin{document}$$\begin{aligned} \sigma ^\mathrm{(N)LO}_\mathcal{Q}= F_\mathcal{Q}\int _{2m_Q}^{2m_H} \frac{\mathrm {d}\sigma _{Q\overline{Q}}^\mathrm{(N)LO}}{\mathrm {d}m_{Q\overline{Q}}}\mathrm {d}m_{Q\overline{Q}} \end{aligned}$$\end{document}$$In the latter formula, a factorisation between the short-distance $\documentclass[12pt]{minimal}
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                \begin{document}$${Q\overline{Q}}$$\end{document}$-pair production and its hadronisation is the quarkonium state is of course implied although it does not rely on any factorisation proof. In spite of this, this model benefits -- as some figures will illustrate it in the next section -- from a successful phenomenology but for the absence of predictions for polarisation observables and discrepancies in some transverse momentum spectra.

*The Colour-Singlet Model (CSM)* The second simplest model to describe quarkonium production relies on the rather opposite assumption that the quantum state of the pair does *not* evolve between its production and its hadronisation, neither in spin, nor in colour \[[@CR54]--[@CR56]\] -- gluon emissions from the heavy-quark are suppressed by powers of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s(m_Q)$$\end{document}$. In principle, they are taken into account in the (p)QCD corrections to the hard-scattering part account for the $\documentclass[12pt]{minimal}
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                \begin{document}$${Q\overline{Q}}$$\end{document}$-pair production. If one further assumes that the quarkonia are non-relativistic bound states with a highly peaked wave function in the momentum space, it can be shown that partonic cross section for quarkonium production should then be expressed as that for the production of a heavy-quark pair with zero relative velocity, *v*, in a colour-singlet state and in the same angular-momentum and spin state as that of the to-be produced quarkonium, and the square of the Schrödinger wave function at the origin in the position space. In the case of hadroproduction, which interests us most here, one should further account for the parton *i*, *j* densities in the colliding hadrons, $\documentclass[12pt]{minimal}
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                \begin{document}$$f_{i,j}(x)$$\end{document}$, in order to get the following hadronic cross section:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathrm{d}\sigma [\mathcal{Q}+X]= & {} \sum _{i,j}\!\int \! \mathrm {d}x_{i} \,\mathrm {d}x_{j} \,f_{i}(x_i,\mu _F) \,f_{j}(x_j,\mu _F)\nonumber \\&\times \mathrm {d}\hat{\sigma }_{i+j\rightarrow (Q\overline{Q})+X}(\mu _R,\mu _F) |\psi (0)|^2 \end{aligned}$$\end{document}$$In the case of *P*-waves, $\documentclass[12pt]{minimal}
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                \begin{document}$$|\psi (0)|^2$$\end{document}$ vanishes and, in principle, one should consider its derivative and that of the hard scattering. In the CSM, $\documentclass[12pt]{minimal}
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                \begin{document}$$|\psi '(0)|^2$$\end{document}$ also appear in decay processes and can be extracted from decay-width measurements. The model then becomes fully predictive but for the usual unknown values of the non-physical factorisation and renormalisation scales and of the heavy-quark mass entering the hard part. A bit less than ten years ago, appeared the first evaluations of the QCD corrections \[[@CR57]--[@CR61]\] to the yields of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal Q$$\end{document}$) in hadron collisions in the CSM. It is now widely accepted \[[@CR62]--[@CR64]\] that $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha ^5_s$$\end{document}$ corrections to the CSM are significantly larger than the LO contributions at $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ and that they should systematically be accounted for in any study of their $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ spectrum.

Possibly due to its high predictive power, the CSM has faced several phenomenological issues although it accounts reasonably well for the bulk of hadroproduction data from RHIC to LHC energies \[[@CR65]--[@CR67]\], $\documentclass[12pt]{minimal}
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                \begin{document}$$e^{+}e^{-}$$\end{document}$ data at *B* factories \[[@CR68]--[@CR70]\] and photoproduction data at HERA \[[@CR71]\]. Taking into account NLO -- one loop -- corrections and approximate NNLO contributions (dubbed NNLO$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^\star $$\end{document}$ in the following) has reduced the most patent discrepancies in particular for $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ up to a couple of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathcal{Q}$$\end{document}$ \[[@CR72]--[@CR75]\]. A full NNLO computation (i.e.  at $\documentclass[12pt]{minimal}
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It is, however, true that the CSM is affected by infra-red divergences in the case of *P*-wave decay at NLO, which were earlier regulated by an ad hoc binding energy \[[@CR76]\]. These can nevertheless be rigorously cured \[[@CR77]\] in the more general framework of NRQCD which we discuss now and which introduce the concept of colour-octet states.

*The Colour-Octet Mechanism (COM) and NRQCD* Based on the effective theory NRQCD \[[@CR78]\], one can express in a more rigorous way the hadronisation probability of a heavy-quark pair into a quarkonium via long-distance matrix elements (LDMEs). In addition to the usual expansion in powers of $\documentclass[12pt]{minimal}
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As compared to the Eq. ([9](#Equ9){ref-type=""}), one has to further consider additional quantum numbers (angular momentum, spin and colour), generically denoted *n*, involved in the production mechanism:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\langle \mathcal{O}_\mathcal{Q}^{n} \rangle $$\end{document}$, which *cannot* be fixed by decay-width measurements nor lattice studies[5](#Fn5){ref-type="fn"} -- but the leading CSM ones of course. Only relations based on Heavy-Quark Spin Symmetry (HQSS) can relate some of them.

Three groups (Hamburg \[[@CR80]\], IHEP \[[@CR81]\] and PKU \[[@CR82]\]) have, in recent years, carried out a number of NLO studies[6](#Fn6){ref-type="fn"} of cross section fits to determine the NRQCD LDMEs. A full description of the differences between these analyses is beyond the scope of this review, it is, however, important to stress that they somehow contradict each other in their results as regards the polarisation observables. In particular, in the case of the $\documentclass[12pt]{minimal}
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                \begin{document}$$e^{+}e^{-}$$\end{document}$ collisions at *B* factories, predict a strong transverse polarised yield at variance with the experimental data.

*Theory prospects* Although NRQCD is 20 years old, there does not exist yet a complete proof of factorisation, in particular, in the case of hadroproduction. A discussion of the difficulties in establishing NRQCD factorisation can be found in \[[@CR64]\]. A first step was achieved in 2005 by the demonstration \[[@CR84], [@CR85]\] that, in the large-$\documentclass[12pt]{minimal}
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As mentioned above, it seems that the mere expansion of the hard matrix elements in $\documentclass[12pt]{minimal}
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Recent cross section measurements at hadron colliders {#Sec6}
-----------------------------------------------------

Due to their short lifetimes (at most a picosecond), the production of open-heavy-flavour particles is studied through their decay products. Four main techniques are used:Fully reconstruction of exclusive decays, such as $\documentclass[12pt]{minimal}
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Hidden-heavy-flavour, i.e. quarkonia, are also analysed through their decay products. The triplet *S*-waves are the most studied since they decay up to a few per cent of the time in dileptons. This is the case for $\documentclass[12pt]{minimal}
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A compilation of the measurements of the $\documentclass[12pt]{minimal}
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### Leptons from heavy-flavour decays {#Sec7}

The first open-heavy-flavour measurements in heavy-ion collisions were performed by exploiting heavy-flavour decay leptons at RHIC by the PHENIX and STAR Collaborations. These were done both in $\documentclass[12pt]{minimal}
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In addition, leptons from open charm and beauty production can be separated out via: (i) a cut on the lepton impact parameter, i.e.  the distance between the origin of the lepton and the collision primary vertex, (ii) a fit of the lepton impact-parameter distribution using templates of the different contributions to the inclusive spectra, (iii) studies of the azimuthal angular correlations between heavy-flavour decay leptons and charged hadrons (see e.g.  \[[@CR107], [@CR123]\]). These measurements are also described by pQCD calculations.

### Open charm {#Sec8}

Recently, D-meson production has been studied at RHIC, Tevatron and LHC energies \[[@CR102]--[@CR104], [@CR106], [@CR124]--[@CR126]\]. The measurements were performed by fully reconstructing the hadronic decays of the D mesons, e.g.  $\documentclass[12pt]{minimal}
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Charmed baryon production measurements in hadron colliders are scarce. The properties and decay branching ratios of the $\documentclass[12pt]{minimal}
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### Open beauty {#Sec9}
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Studies of open-beauty production have also been performed in exclusive channels at Tevatron and at the LHC, e.g. in the case of $\documentclass[12pt]{minimal}
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### Prompt charmonium {#Sec10}

In this section, we show and discuss a selection of experimental measurements of prompt charmonium production at RHIC and LHC energies. We thus focus here on the production channels which do not involve beauty decays; these were discussed in the Sect. [2.2.3](#Sec9){ref-type="sec"}.
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Currently, the experimental studies are focusing on the ratio of the $\documentclass[12pt]{minimal}
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Fig. [11](#Fig11){ref-type="fig"}a shows the typical size of the feed-down fraction of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi _c$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\psi \text {(2S)} $$\end{document}$ into $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ at low and high $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$, which are different. One should therefore expect differences in these fraction between $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$-integrated yields and yields measured at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} = 10~\text {GeV}/c$$\end{document}$ and above. Figure [11](#Fig11){ref-type="fig"}b shows the ratio of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi _{c2}$$\end{document}$ over $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi _{c1}$$\end{document}$ yields as measured[11](#Fn11){ref-type="fn"} at the LHC by LHCb, CMS and at the Tevatron by CDF. On the experimental side, the usage of the conversion method to detect the photon becomes an advantage. LHCb is able to carry out measurements down to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ as small as 2$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$~\text {GeV}/c$$\end{document}$, where the ratio seems to strongly increase. This increase is in line with the Landau--Yang theorem according to which $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi _{c1}$$\end{document}$ production from collinear and on-shell gluons at LO is forbidden. Such an increase appears in the LO NRQCD band, less in the NLO NRQCD one. At larger $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$, such a measurement helps to fix the value of the NRQCD LDMEs (see the pioneering study of Ma et al. \[[@CR189]\]). As we just discussed, once the photon reconstruction efficiencies and acceptance are known, one can derive the $\documentclass[12pt]{minimal}
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### Bottomonium {#Sec11}

The study of bottomonium production at LHC energies offers some advantages. First, there is no beauty feed-down. Second, owing to their larger masses, their decay products -- usually leptons -- are more energetic and more easily detectable (detector acceptance, trigger bandwidth, \...). Third, the existence of three sets of bottomonia with their principal quantum number $\documentclass[12pt]{minimal}
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Searches for doubly charmed baryons are being carried out (see e.g.  \[[@CR221]\]) on the existing data sample collected in $\documentclass[12pt]{minimal}
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Quarkonium-polarisation studies {#Sec13}
-------------------------------

Measurements of quarkonium polarisation can shed more light on the long-standing puzzle of the quarkonium hadroproduction. Various models of the quarkonium production, described in the previous Sect. [2.1.2](#Sec5){ref-type="sec"}, are in reasonable agreement with the cross section measurements but they usually fail to describe the measured polarisation.

We have collected in this section all results of polarisation measurements performed by different experiments at different collision energies $\documentclass[12pt]{minimal}
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It is, however, very important to bear in mind that the angular distribution of Eq. ([11](#Equ11){ref-type=""}) is frame dependent as the polarisation parameters. All experimental analyses have been carried in a few specific reference frames, essentially defined by their polarisation axis,[13](#Fn13){ref-type="fn"} namely: the helicity (*HX*) frame, the Collins--Soper (*CS*) \[[@CR225]\] frame, the Gottfried--Jackson (*GJ*) \[[@CR226]\] frame as well as the perpendicular helicity (*PX*) \[[@CR227]\] frame.Fig. 16Polarisation parameter $\documentclass[12pt]{minimal}
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In spite of the frame dependence of $\documentclass[12pt]{minimal}
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Beyond the differences in the methods employed to extract these parameters, one should also take into consideration that some samples are cleaner than other ones, physics-wise.[14](#Fn14){ref-type="fn"} Indeed, as we discussed in the previous section, a given quarkonium yield can come from different sources, some of which are not of specific interests for data--theory comparisons. The most obvious one is the non-prompt charmonium yield, which is expected to be the result of quite different mechanism that the prompt yield. Nowadays, the majority of the studies are carried out on a prompt sample thanks to a precise vertexing of the events. Yet, a further complication also comes from feed-down from the excited states in which case vertexing is of no help. As for now, no attempt of removing it from e.g. prompt $\documentclass[12pt]{minimal}
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In view of this, Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}, [3](#Tab3){ref-type="table"}, [4](#Tab4){ref-type="table"} and [5](#Tab5){ref-type="table"} contain, in addition to the information on the colliding systems and the kinematical coverages, information on the fit technique and a short reminder of the expected feed-down. For each measurement, we also briefly summarise the observed trend. The vast majority of the experimental data do not show a significant quarkonium polarisation, neither polar nor azimuthal anisotropy. Yet, values as large as $\documentclass[12pt]{minimal}
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In order to illustrate the recent progress in these delicate studies, let us stress that LHC experiments have performed measurements of the three polarisation parameters as well as in different reference frames. This has not always been the case before by lack of statistics and of motivation since it is difficult to predict theoretically azimuthal effects, e.g. $\documentclass[12pt]{minimal}
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To conclude, let us also mention the importance of measuring the polarisation of *P*-wave states in order to refine our test of e.g. NRQCD \[[@CR234]\]. This can be done either directly via the measurement of the angular dependence of the emitted photon or indirectly via that of the polarisation of the *S*-wave ($\documentclass[12pt]{minimal}
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New observables {#Sec14}
---------------

Thanks to the large heavy-flavour samples available at hadron colliders, studies of the production of open or hidden heavy-flavour production in association with another particle (light or heavy hadrons, quarkonium, or vector boson) are possible. The cross section of these processes is heavily sensitive to the particle production mechanisms and can help distinguishing between them. In addition, these final states can also results from multiple parton--parton interactions (or double-parton scatterings, DPS), where several hard parton-parton interactions occur in the same event \[[@CR258]--[@CR261]\]. Analogously, heavy-flavour-production dependence with the underlying event multiplicity brings information about their production mechanisms. A complete understanding of heavy-flavour production in hadronic collisions is mandatory to interpret heavy-flavour measurements in p--A and AA collisions, and disentangle cold (see Sect. [3](#Sec18){ref-type="sec"}) and hot (see Sects. [4](#Sec33){ref-type="sec"} and [5](#Sec59){ref-type="sec"}) nuclear matter effects at play.

### Production as a function of multiplicity {#Sec15}

The correlation of open or hidden heavy-flavour yields with charged particles produced in hadronic collisions can provide insight into their production mechanism and into the interplay between hard and soft mechanisms in particle production. In high energy hadronic collisions, multiple parton--parton interactions may also affect heavy-flavour production \[[@CR262], [@CR263]\], in competition to a large amount of QCD-radiation associated to hard processes. In addition to these initial-state effects, heavy-flavour production could suffer from final-state effects due to the high multiplicity environment produced in high energy $\documentclass[12pt]{minimal}
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Hidden and open heavy-flavour production measurements as a function of the event activity were initiated during the LHC Run 1 leading to unexpected results with impact on our understanding of the production mechanisms and the interpretation of p--Pb and Pb--Pb results. Run 2 data, with the increased centre-of-mass energy of 13 $\documentclass[12pt]{minimal}
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### Associated production {#Sec16}

Heavy-flavour azimuthal correlations in hadronic collisions allow for studies of heavy-quark fragmentation and jet structure at different collision energies, which help to constrain Monte Carlo models, and to understand the different production processes for heavy flavour. Heavy quarks can originate from flavour creation, flavour excitation, and parton shower or fragmentation processes of a gluon or a light (anti-)quark including gluon splitting \[[@CR273]\]. These three different sources of the heavy-flavour production are expected to lead to different correlations between heavy quark and antiquark, and so a measurement of the opening angle in azimuth ($\documentclass[12pt]{minimal}
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Studies of heavy-flavour angular correlations in hadronic collisions were carried out at Tevatron with D--D correlations \[[@CR124]\] in $\documentclass[12pt]{minimal}
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Recent experimental analyses of associated heavy-flavour production include the measurements of:double $\documentclass[12pt]{minimal}
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To summarise, the study of associated production of heavy quarks and heavy quarkonia has really taken off with the advent of the LHC and the analysis of the complete data sample taken at the Tevatron. There is no doubt that forthcoming studies will provide much more new information -- and probably also puzzles -- on the production of these particles. It is also probable that some of these observables at LHC energies are dominated by DPS contributions and, in such a case, specific nuclear dependences should be observed in proton--nucleus and nucleus--nucleus collisions (see e.g. \[[@CR310], [@CR311]\]).

Summary and outlook {#Sec17}
-------------------
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Cold nuclear matter effects on heavy flavour and quarkonium production in proton--nucleus collisions {#Sec18}
====================================================================================================

Characterising the hot and dense medium produced in heavy-ion (AA) collisions requires a quantitative understanding of the effects induced by the presence of nuclei in the initial-state, the so-called cold nuclear matter (CNM) effects. These effects can be studied in proton--nucleus (p--A) or deuteron--nucleus (d--A) collisions.[15](#Fn15){ref-type="fn"}

A way to quantify CNM effects is to measure the nuclear modification factor $\documentclass[12pt]{minimal}
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This section starts (Sect. [3.1](#Sec19){ref-type="sec"}) with a brief introduction to the physics of CNM effects on heavy flavour and with a compilation of available p--A data. Next, the different theoretical approaches are discussed in Sect. [3.2](#Sec20){ref-type="sec"}, before a review of recent RHIC and LHC experimental results in Sect. [3.3](#Sec27){ref-type="sec"}. Afterwards, the extrapolation of CNM effects from p--A to AA collisions is discussed in  Sect. [3.4](#Sec31){ref-type="sec"}, from both the theoretical and the experimental points of view. Finally, Sect. [3.5](#Sec32){ref-type="sec"} includes a summary and a discussion of short-term perspectives.

Heavy flavour in p--A collisions {#Sec19}
--------------------------------

Open and hidden heavy flavour production constitutes a sensitive probe of medium effects because heavy quarks are produced in hard processes in the early stage of the nucleus--nucleus collision. Open and hidden heavy-flavour production can be affected by the following CNM effects:*Modification of the effective partonic luminosity* in colliding nuclei, with respect to colliding protons. This effect is due to the different dynamics of partons within free protons with respect those in nucleons, mainly as a consequence of the larger resulting density of partons. These effects depend on *x* and on the scale of the parton--parton interaction $\documentclass[12pt]{minimal}
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                \begin{document}$$R_i(x,Q^2)$$\end{document}$ parametrisations are determined from a global fit analyses of lepton--nucleus and proton--nucleus data (see Sect. [3.2.2](#Sec22){ref-type="sec"}).The physics of *parton saturation* at small *x* can also be described within the *Colour Glass Condensate (CGC)* theoretical framework. Unlike the nPDF approach, which uses DGLAP linear evolution equations, the CGC framework is based on the Balitsky--Kovchegov or JIMWLK non-linear evolution equations (see Sect. [3.2.3](#Sec23){ref-type="sec"}).*Multiple scattering of partons* in the nucleus before and/or after the hard scattering, leading to parton energy-loss (either radiative or collisional) and transverse momentum broadening (known as the Cronin effect). In most approaches (see Sect. [3.2.4](#Sec24){ref-type="sec"}) it is characterised by the transport coefficient of cold nuclear matter, $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\mathrm {abs}$$\end{document}$, namely the inelastic cross section of a heavy-quarkonium state with a nucleon.On top of the above genuine CNM effects, the large set of particles (partons or hadrons) produced in p--A collisions at high energy may be responsible for a modification of open heavy flavour or quarkonium production. It is still highly debated whether this set of particles could form a "medium" with some degree of collectivity. If this was the case, this medium could impart a flow to heavy-flavour hadrons. Moreover, heavy quarkonia can be dissociated by *comovers*, i.e., the partons or hadrons produced in the collision in the vicinity of the heavy-quarkonium state (see Sect. [3.2.5](#Sec25){ref-type="sec"}).Assuming factorisation, and neglecting isospin effects, the hadroproduction cross section of a heavy-quark pair $\documentclass[12pt]{minimal}
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                \begin{document}$$f_i^\mathrm{N}$$\end{document}$ are the nucleon parton distributions, *i* (*j*) denotes all possible partons in the proton (nucleus) carrying a fraction $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s_{\mathrm{NN}}} $$\end{document}$ is the nucleon--nucleon centre-of-mass energy of the collision, and $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _R$$\end{document}$) is the factorisation (renormalisation) scale of the process. In high energy hadron collisions (especially at RHIC and LHC), heavy quarks are mainly produced by gluon fusion \[[@CR138]\].
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                \begin{document}$$2 \rightarrow 2$$\end{document}$ partonic process, the extra degree of freedom coming from the transverse momentum results in a less direct correspondence leading to the following useful relations:$$\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm {T}} = \sqrt{m^2+p_{\mathrm {T}} ^2}$$\end{document}$ is the transverse mass of the outgoing particle of mass *m*, transverse momentum $\documentclass[12pt]{minimal}
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                \begin{document}$$y $$\end{document}$ in the centre-of-mass frame. So, the typical resolution scale should be of the order of the transverse mass of the particle produced.

The typical range for the momentum fractions probed is therefore a function of both the acceptance of the detector (rapidity coverage) and the nature of the particles produced and their associated energy scale. Moreover, assuming different underlying partonic production processes can end up in average values of *x* that may differ from one another.

Studies of p--A collisions since 1980 were first performed on fixed-target experiments at SPS, Tevatron and HERA, and more recently at colliders, RHIC and LHC. Current available data are summarised in Table [6](#Tab6){ref-type="table"} for collider experiments and in Table [7](#Tab7){ref-type="table"} for fixed-target experiments. This section is focussed on the most recent results from the RHIC and LHC experiments, and their theoretical interpretation.Table 6Available p--A data in collider: the probes, the colliding system, $\documentclass[12pt]{minimal}
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Theoretical models for CNM effects {#Sec20}
----------------------------------

We discuss in this section various theoretical approaches to treat CNM effects, with emphasis on heavy-quark and quarkonium production at the LHC.

### Typical time scales {#Sec21}

Before discussing the various theoretical approaches on cold nuclear matter effects, it is useful to recall the typical time scales entering the process of heavy-quark hadron and quarkonium production in p--A collisions:The typical time to produce a heavy-quark pair $\documentclass[12pt]{minimal}
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### Nuclear PDFs {#Sec22}

The modification of parton densities in nuclei affects the yields of heavy-quark and quarkonium production. In this section, the effects of nPDF on $\documentclass[12pt]{minimal}
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The mass and scale uncertainties are calculated based on results using the one standard deviation uncertainties on the quark mass and scale parameters. If the central, higher and lower limits of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _F=\sqrt{m_Q^2+p_{\mathrm {T}} ^2}$$\end{document}$. One can also consider the spatial dependence of the nPDFs, either by simply assuming an inhomogeneous shadowing proportional to the local density \[[@CR370], [@CR371]\] or extracting it from a fit \[[@CR372]\]. These effects would then translate into a non-trivial centrality (or impact parameter *b*) dependence of the nuclear modification factor. To this end, it is ideal to rely on a Glauber Monte-Carlo which does not factorise the different nuclear effects (such as JIN \[[@CR373]\] which is used to study the nuclear matter effects on quarkonium production both at RHIC \[[@CR374], [@CR375]\] and LHC \[[@CR376], [@CR377]\] energies).

This results in the nuclear modification factor $\documentclass[12pt]{minimal}
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### Saturation in the colour glass condensate approach {#Sec23}

Fujii and Watanabe recently computed the heavy quark production cross section in high energy p--A collisions in the colour Glass Condensate (CGC) framework \[[@CR378], [@CR379]\], which is given at the leading order in the strong-coupling constant $\documentclass[12pt]{minimal}
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                \begin{document}$$N_c=3$$\end{document}$ is the number of colours in QCD), the multi-point functions reduce to a product of two dipole amplitudes in the fundamental representation and the evolution equation for the dipole has a closed form, called the Balitsky--Kovchegov (BK) equation. The BK equation with running coupling corrections (rcBK) is today widely exploited for phenomenological studies of saturation, and its numerical solution for $\documentclass[12pt]{minimal}
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                \begin{document}$$x<x_0=0.01$$\end{document}$ is constrained with HERA DIS data and has been applied to hadronic reactions successfully \[[@CR382]\]. Nuclear dependence is taken into account here in the initial condition for the rcBK equation by setting larger initial saturation scales, $\documentclass[12pt]{minimal}
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References \[[@CR378], [@CR379]\] show the evaluation of heavy quark production applying the CGC framework in the large-$\documentclass[12pt]{minimal}
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                \begin{document}$$N_c$$\end{document}$ approximation with the numerical solution of the rcBK equation. In hadronisation processes, the colour evaporation model (CEM) is used for $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ is one of the significant observables to investigate the saturation effect and the CGC-based model reproduced the RHIC data by setting $\documentclass[12pt]{minimal}
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                \begin{document}$$Q_{s,A}^2(x_0)=(4 - 6) Q_{s,p}^2(x_0)$$\end{document}$. Extrapolation to the LHC energy predicted a stronger suppression, reflecting stronger saturation effects at the smaller values of *x* (Fig. [28](#Fig28){ref-type="fig"}). Quarkonium suppression in this framework also includes the multiple scattering effects on the quark pair traversing the dense target. The comparison with experimental results will shown in Sect. [3.3](#Sec27){ref-type="sec"}.

Several improvements to this approach can be performed. The CGC expression for the heavy quark production is derived at LO in the eikonal approximation for the colour sources. The NLO extension should be investigated to be consistent with the use of the rcBK equation. Furthermore, for quarkonium production, colour channel dependence of the hadronisation process will be important and brings in a new multi-point function, which is simply ignored in CEM. Finally, using a similar approach but with an improved treatment of the nuclear geometry and a different parametrisation of the dipole cross section, Ducloué et al. \[[@CR383]\] showed that the $\documentclass[12pt]{minimal}
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More recently, attempts to compute quarkonium production in $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ suppression predicted in this formalism may agree with the current ALICE and LHCb measurements \[[@CR384]\].

### Multiple scattering and energy loss {#Sec24}

In this section various approaches of parton multiple scattering in nuclei are discussed. These effects include $\documentclass[12pt]{minimal}
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                \begin{document}$${Q\overline{Q}}$$\end{document}$ propagation in nuclei, initial- and final-state energy loss, and coherent energy loss.
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                \begin{document}$${Q\overline{Q}}$$\end{document}$  *propagation and attenuation in nuclei* This section summarises the approach by Kopeliovich et al. \[[@CR385], [@CR386]\]. At LHC energies, the coherence time, $\documentclass[12pt]{minimal}
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                \begin{document}$$t_c\gg R_\mathrm{A}$$\end{document}$. As a consequence, all the production amplitudes from different bound nucleons are in phase. In terms of the dipole description this means that Lorentz time delay "freezes" the $\documentclass[12pt]{minimal}
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                \begin{document}$${c\overline{c}}$$\end{document}$ dipole separation during propagation through the nucleus, which simplifies calculations compared with the path-integral technique, required at lower energies \[[@CR362], [@CR387], [@CR388]\].

Because of the rescattering of the dipole in the nucleus, the charmonium suppression in p--A collisions with impact parameter *b* has the form \[[@CR385], [@CR386], [@CR388]\],$$\documentclass[12pt]{minimal}
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                \begin{document}$$\Psi _f(r_\mathrm{T})$$\end{document}$ is the light-cone wave function of the final charmonium; one factor $\documentclass[12pt]{minimal}
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At this point one should emphasise that attenuation of $\documentclass[12pt]{minimal}
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                \begin{document}$$A^{1/3}$$\end{document}$ and rises with energy proportionally to the dipole cross section \[[@CR389]\]. Numerical evaluation of this effect is under way \[[@CR390]\]. This approach for charmonium production cannot be simply extrapolated from p--A to AA collisions \[[@CR385]\]. The latter case includes new effects of double colour filtering and a boosted saturation scale \[[@CR385]\].

*Initial- and final-state energy loss, power corrections and Cronin effect* The approach by Sharma and Vitev is now described. The basic premiss of this approach is that CNM can be evaluated and related to the transport properties of large nuclei for quarks and gluons \[[@CR391]\]. At one extreme, when the scattering from the medium is largely incoherent, the parton modification is dominated by transverse momentum broadening. It leads to a Cronin-like enhancement of the cross sections at intermediate $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} \sim $$\end{document}$ few GeV / *c*. At the other extreme, when the longitudinal momentum transfer is small compared to the inverse of the path length of the parton as it propagates through the nucleus, the scattering becomes coherent, which can lead to attenuation, or shadowing. The coherent limit is described differently in different approaches and its effects are calculated in terms of nuclear-enhanced power corrections to the cross sections. Multiple scattering also leads to medium-induced radiative corrections that, in the soft gluon emission limit, have the interpretation of energy loss \[[@CR392]\].Fig. 30Theoretical calculations \[[@CR83]\] for $\documentclass[12pt]{minimal}
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The effects are implemented via modifications to the kinematics of hard parton scattering $\documentclass[12pt]{minimal}
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As the heavy quark introduces a new mass scale, the dependence of CNM corrections on this scale and their relative significance needs to be reassessed in light of the experimental data.

For the case of quarkonium production, a large uncertainty arises form the fact that the Cronin effect is not understood \[[@CR83]\], nor have there been attempts to fit it in this approach. Consequently, for $\documentclass[12pt]{minimal}
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*Coherent energy loss* Another approach of parton energy loss in cold nuclear matter has been suggested by Arleo et al. in Refs. \[[@CR394]--[@CR398]\]. A few years ago it was emphasised that the medium-induced radiative energy loss $\documentclass[12pt]{minimal}
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### Summary of CNM models {#Sec26}

A brief summary of these different approaches is given in Table [8](#Tab8){ref-type="table"}, in which the dominant physical effects and ingredients used in each calculation are given. The model acronyms given in the table match those in the legends of the figures in the next section.Table 8Summary of the various models of CNM approaches discussed in the text and compared to data in Sect. [3.3](#Sec27){ref-type="sec"}. The main physical processes and ingredients used in each calculation are listedAcronymProduction mechanismMedium effectsMain parametersReferencesOpen heavy flavour   pQCD$\documentclass[12pt]{minimal}
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Recent RHIC and LHC results {#Sec27}
---------------------------

In this section we summarise the recent measurements in p--A collisions at RHIC and at the LHC. Open heavy-flavour results are described in Sect. [3.3.2](#Sec29){ref-type="sec"} and hidden heavy-flavour data in Sect. [3.3.3](#Sec30){ref-type="sec"}. As described in the previous section, in order to understand the role of the CNM effects, the interpretation of these measurements is commonly obtained by a comparison with measurements in $\documentclass[12pt]{minimal}
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### Reference for p--A measurements at the LHC {#Sec28}
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In the quarkonium analyses, different strategies have been adopted depending on the precision of the existing measurements. They are mainly based on phenomenological functions and are briefly described in the following.
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At forward rapidity, a similar procedure for the $\documentclass[12pt]{minimal}
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### Open heavy-flavour measurements {#Sec29}

Open heavy-flavour production occurs in hard processes at the early stages of the collision (see Sect. [2.1.1](#Sec4){ref-type="sec"} for an introduction to the different calculations). As explained in Sect. [3.2](#Sec20){ref-type="sec"}, their production in a nuclear environment is affected by the modification of the parton probability density in the nucleus (nPDFs or parton saturation formalisms) and by the multiple scattering of partons in the nucleus (radiative or collisional parton energy loss, $\documentclass[12pt]{minimal}
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Preliminary measurements of the prompt D-meson production as a function of the multiplicity were performed by ALICE \[[@CR423]\]. The nuclear modification factor of D mesons was evaluated as a function of the event activity, defined in intervals of multiplicity measured in different rapidity intervals. No event-activity dependence is observed within uncertainties. D meson production has also been studied as a function of charged-particle multiplicity. The D-meson per-event yields increase as a function of the multiplicity at mid-rapidity. The enhancement of the relative D-meson yields is similar to that of $\documentclass[12pt]{minimal}
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*Heavy-flavour azimuthal correlations* As described in Sect. [2.4.2](#Sec16){ref-type="sec"}, heavy-flavour particle production inherits the heavy-quark pair correlation, bringing information on the production mechanisms. Heavy-flavour production in p--A collisions is influenced by initial- and/or final-state effects. The modification of the PDFs or the saturation of the gluon wave function in the nucleus predict a reduction of the overall particle yields. The CGC formalism also predicts a broadening and suppression of the two-particle away-side azimuthal correlations, more prominent at forward rapidities \[[@CR427]--[@CR429]\]. Energy loss or multiple scattering processes in the initial or final state are also expected to cause a depletion of the two-particle correlation away-side yields \[[@CR430]\]. These effects could also affect heavy-flavour correlations in p--A collisions.
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### Quarkonium measurements {#Sec30}

Quarkonia are mainly measured via their leptonic decay channels. In the PHENIX experiment, the Ring Imaging Cherenkov associated with the Electromagnetic Calorimeter (EMCAL) allows one to identify electrons at mid-rapidity ($\documentclass[12pt]{minimal}
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*Charmonium* The nuclear modification factor for inclusive and/or prompt $\documentclass[12pt]{minimal}
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The models based on nuclear PDFs \[[@CR363], [@CR377], [@CR432]\] (CEM EPS09 NLO, EXT EKS98 LO and EXT EPS09 LO), gluon saturation \[[@CR379]\] (SAT), multiple scattering and energy loss \[[@CR386], [@CR394]\] (COH.ELOSS and KPS) described in Sect. [3.2](#Sec20){ref-type="sec"} are also shown in Fig. [39](#Fig39){ref-type="fig"}. The uncertainty from the nuclear PDFs on the gluon distribution function is large as discussed in Sect. [3.2.2](#Sec22){ref-type="sec"} and is shown by the uncertainty band of the corresponding calculations. The models based on nPDFs overestimate the data at RHIC in particular at backward rapidity, the anti-shadowing region. At forward rapidity, a strong shadowing with the EPS09 NLO nPDFs parametrisation is favoured by the RHIC data. By including a $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\mathrm {dAu}}$$\end{document}$ measured at RHIC in the full rapidity range. In the latter calculations, since the behaviour of EKS98 is very close to the one of the central set of EPS09 LO, the theoretical curves are expected to be similar to those of EPS09 LO nPDFs. At the LHC, while the backward-rapidity data is well described by the nPDF models, a strong shadowing is favoured by the data at forward rapidity. Both EPS09 LO and the lower uncertainty band of EPS09 NLO parametrisations provide such a strong shadowing. In the COH.ELOSS approach, the rapidity dependence of the nuclear modification factor is well described both at RHIC and LHC energies. In the KPS model, the rapidity dependence of the RHIC data is correctly described but the calculations are systematically lower than the measurements. At LHC energy, the KPS model overestimates the $\documentclass[12pt]{minimal}
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As for the charmonium production, the excited states are not expected to be differentially suppressed by any of the models that include initial-state effects nor from the coherent energy-loss effect. A possible explanation may come from a suppression associated to the comoving medium. Precise measurements in a larger rapidity range, which covers different comoving medium density, would help to confirm this hypothesis.

CMS has also performed measurements as a function of the event activity at forward ($\documentclass[12pt]{minimal}
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Extrapolation of CNM effects from p--A to AA collisions {#Sec31}
-------------------------------------------------------

It is an important question to know whether cold nuclear matter effects can be simply extrapolated from p--A to AA collisions. Some of the CNM effects discussed in Sect. [3.2](#Sec20){ref-type="sec"} can in principle be extrapolated to AA collisions. This is the case of nPDF and coherent energy-loss effects, discussed below. Some other approaches, on the contrary, are affected by interference effects between the two nuclei involved in the collision, making delicate an extrapolation to AA collisions.

*Nuclear PDF* Regarding the nPDF effects discussed in Sect. [3.2.2](#Sec22){ref-type="sec"}, it is straightforward to make this comparison at leading order in the colour evaporation model (CEM) where the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} $$\end{document}$ (right) \[[@CR442]\].Fig. 49Sketch of the rapidity regions populated by medium-induced radiation in an A--B collision in the coherent energy loss model. The 'target' B and 'projectile' A move with, respectively, negative and positive rapidities

In principle, this factorisation hypothesis can also be applied to open heavy flavour.

*Multiple scattering and energy loss* Let us first discuss how predictions can be extrapolated in the coherent energy-loss model. In a generic A--B collision both incoming partons, respectively from the 'projectile' nucleus A and the 'target' nucleus B, might suffer multiple scattering in the nucleus B and A, respectively. Consequently, gluon radiation off both partons can interfere with that of the final-state particle (here, the compact colour octet $\documentclass[12pt]{minimal}
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However, it was shown in \[[@CR404]\] that the gluon radiation induced by rescattering in nuclei A and B occurs in distinct regions of phase space (see Fig. [49](#Fig49){ref-type="fig"}). As a consequence, the energy loss induced by the presence of each nucleus can be combined in a probabilistic manner, making a rather straightforward extrapolation of the model predictions from p--A to AA collisions. Remarkably, it is possible to show that the quarkonium suppression in AA collisions follows the factorisation hypothesis (see Eq. ([26](#Equ26){ref-type=""})). However, since the energy-loss effects do not scale with the momentum fraction $\documentclass[12pt]{minimal}
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The model by Sharma and Vitev can also easily be generalised to AA reactions where both incoming and outgoing partons undergo elastic, inelastic and coherent soft interactions in the large nuclei. In contrast, the Kopeliovich, Potashnikova and Schmidt approach for charmonium production cannot be simply extrapolated from p--A to AA collisions, because nucleus--nucleus collisions include new effects of double colour filtering and a boosted saturation scale, as explained in detail in \[[@CR385]\].

*Data-driven extrapolation* At RHIC, the d--Au collisions are performed with symmetrical beam energies, so that $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\mathrm {AA}}$$\end{document}$, both for Cu--Cu and Au--Au collisions. Moreover, an alternative data-driven method \[[@CR443]\] was applied to PHENIX data \[[@CR317]\]. This method assumes that all cold nuclear matter effects are parametrised with a modification factor consisting of a function of the radial position in the nucleus. Note that the use of d--Au data in \[[@CR443]\] may not be appropriate for peripheral collisions where the size of the deuteron causes significant averaging over impact parameter; on the contrary it should be adequated in central collisions for which the averaging is not so important. An attempt to solve this issue has been proposed in \[[@CR64]\] where an estimate of $\documentclass[12pt]{minimal}
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A more recent investigation of RHIC data by Ferreiro et al. \[[@CR374]\] showed how the use of $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\mathrm {AA}}$$\end{document}$ at RHIC will also show a rapidity dependence, with less suppression from CNM effects at mid-rapidity than at forward rapidity, in the same direction as the one exhibited by the Au--Au and Cu--Cu data from PHENIX (see extensive comparisons in \[[@CR374]\]). This is quite important since this shape of $\documentclass[12pt]{minimal}
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At LHC, the p--Pb results cannot easily be compared to Pb--Pb collisions. Indeed, the nucleon--nucleon centre-of-mass energies are not the same (5.02 versus 2.76 TeV) and, moreover, the p and the Pb beam energies per nucleon are different, leading to a rapidity shift of the centre-of-mass frame with respect to the lab frame. But assuming factorisation and Eq. ([26](#Equ26){ref-type=""}), a data-driven extrapolation of p--A data to AA can be performed.
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This data-driven extrapolation of p--A collisions to AA collisions applied by the ALICE Collaboration to $\documentclass[12pt]{minimal}
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                \begin{document}$$[R_{\mathrm {pPb}} (2<y<3.5) \cdot R_{\mathrm {pPb}} (-4.5<y<-3)]^{\mathrm {J}/\psi } = 0.75 \pm 0.10 \pm 0.12$$\end{document}$, the first uncertainty being the quadratic combination of statistical and uncorrelated systematic uncertainties and the second one the linear combination of correlated uncertainties. The application of this result to the interpretation of Pb--Pb data is discussed in Sect. [5.3](#Sec77){ref-type="sec"}.

In summary, according to the theoretical and data-driven extrapolation approaches, one can conclude that there are non-negligible CNM effects on AA results at the LHC (up to 50 % at low $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\mathrm {pPb}}$$\end{document}$ factorisation will be presented in Sect. [5.1.2](#Sec62){ref-type="sec"}.

Summary and outlook {#Sec32}
-------------------

The LHC p--Pb Run 1 has opened a new window on the study of the CNM effects. The broad kinematical range probed by the different LHC experiments and the comparison to RHIC d--Au results bring new constraints on the theoretical models. The main observations resulting from the open and hidden heavy-flavour data can be summarised in the following way:The nuclear modification factor of open heavy-flavour decay leptons in d--Au collisions at RHIC shows a dependence on centrality and on rapidity, with values smaller than unity at forward rapidity and larger than unity at mid- and backward rapidity in the most central collisions.In p--Pb collisions at the LHC, the D-meson nuclear modification factor at mid-rapidity and $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\mathrm {pA}}$$\end{document}$ measurements are compatible with unity except at mid-rapidity at RHIC and forward rapidity at the LHC. Similar level of suppression is observed for the $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\mathrm {pA}}$$\end{document}$ measurements have large statistical uncertainties.Excited states are more suppressed than 1S states at RHIC and LHC suggesting the presence of final-state CNM effects.For the theoretical interpretation of the data, the following conclusions can be drawn:Open heavy-flavour current data do not allow one to favour specific models based on nuclear PDF, parton saturation, or initial-parton energy loss.Regarding $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\mathrm {pA}}$$\end{document}$ despite large theoretical uncertainties at forward rapidity where the data would require strong shadowing effects. At backward rapidity, while the nPDF models describe correctly the LHC data, they do not describe the RHIC data without considering additional effects such as nuclear absorption.The early CGC prediction of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ suppression expected in the dipole propagation model by Kopeliovich, Potashnikova and Schmidt seems much larger than seen in data, suggesting the need for additional effects to compensate the suppression. Finally, the approach based on energy loss and power corrections by Sharma and Vitev predicts a moderate and flat $\documentclass[12pt]{minimal}
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Regarding the experimental uncertainties, in the case of rare probes like B mesons, $\documentclass[12pt]{minimal}
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To address part of these issues, a reference $\documentclass[12pt]{minimal}
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New observables could help to disentangle the various CNM effects. First studies of the heavy-flavour azimuthal correlations at RHIC and LHC were carried out and (at RHIC) suggest a modification of charm production kinematics in d--Au. A comparison of open to hidden heavy flavour production from $\documentclass[12pt]{minimal}
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Finally, it is not clear whether the CNM effects can be extrapolated from p--A to AA collisions. At present, only phenomenological works based on nPDF and coherent energy-loss effects have shown that this extrapolation is possible, although with some caveats. On the one hand, in the nPDF-based models, the main parameter is the probed momentum fraction *x*. Since there is a rapidity shift of the centre-of-mass in p--Pb collisions at LHC, the optimal strategy would be to choose the LHC beam energy according to Eq. ([27](#Equ27){ref-type=""}). On the other hand, in the coherent energy-loss model, the relevant parameter is the $\documentclass[12pt]{minimal}
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Open heavy flavour in nucleus--nucleus collisions {#Sec33}
=================================================

Heavy-flavour hadrons are effective probes of the conditions of the high-energy-density QGP medium formed in ultra-relativistic nucleus--nucleus collisions.

Heavy quarks, are produced in primary hard QCD scattering processes in the early stage of the nucleus--nucleus collision and the time scale of their production (or coherence time) is, generally, shorter than the formation time of the QGP, $\documentclass[12pt]{minimal}
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During their propagation through the medium, heavy quarks interact with its constituents and lose a part of their energy, thus being sensitive to the medium properties. Various approaches have been developed to describe the interaction of the heavy quarks with the surrounding plasma. In a perturbative treatment, QCD energy loss is expected to occur via both inelastic (radiative energy loss, via medium-induced gluon radiation) \[[@CR448], [@CR449]\] and elastic (collisional energy loss) \[[@CR450]--[@CR452]\] processes. However, this distinction is no longer meaningful in strongly coupled approaches relying for instance on the AdS/CFT conjecture \[[@CR453], [@CR454]\]. In QCD, quarks have a smaller colour coupling factor with respect to gluons, so that the energy loss for quarks is expected to be smaller than for gluons. In addition, the "dead-cone effect" should reduce small-angle gluon radiation for heavy quarks with moderate energy-over-mass values, thus further attenuating the effect of the medium. This idea was first introduced in \[[@CR455]\]. Further theoretical studies confirmed the reduction of the total induced gluon radiation \[[@CR456]--[@CR459]\], although they did not support the expectation of a "dead cone". Other mechanisms such as in-medium hadron formation and dissociation \[[@CR422], [@CR460]\], would determine a stronger suppression effect on heavy-flavour hadrons than light-flavour hadrons, because of their smaller formationtimes.

In contrast to light quarks and gluons, which can be produced or annihilated during the entire evolution of the medium, heavy quarks are produced in initial hard-scattering processes and their annihilation rate is small \[[@CR461]\]. Secondary "thermal" charm production from processes like $\documentclass[12pt]{minimal}
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The final ambitious goal of the heavy-flavour experimental programmes in nucleus--nucleus collisions is the characterisation of the properties of the produced QCD matter, in particular getting access to the transport coefficients of the QGP. Theoretical calculations encoding the interaction of the heavy quarks with the plasma into a few transport coefficients (see e.g.  \[[@CR466]\]) provide the tools to achieve this goal: through a comparison of the experimental data with the numerical outcomes obtained with different choices of the transport coefficients it should be possible, in principle, to put tight constraints on the values of the latter. This would be the analogous of the way of extracting information on the QGP viscosity through the comparison of soft-particle spectra with predictions from fluid dynamic models. An even more intriguing challenge would be to derive the heavy-flavour transport coefficients through a first principle QCD calculation and confront them with experimental data, via model implementations that describe the medium evolution. This chapter reviews the present status of this quest, from the experimental and theoreticalviewpoints.

The chapter is organised as follows. The first part of the chapter presents a brief overview of the available data of heavy-flavour production in nucleus--nucleus collisions at the RHIC and LHC colliders: in particular, Sect. [4.1](#Sec34){ref-type="sec"} describes the measurements of the nuclear modification factor $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\mathrm {AA}}$$\end{document}$, while Sect. [4.2](#Sec39){ref-type="sec"} focuses on the azimuthal anisotropy. The published RHIC and LHC data are summarised in Tables [9](#Tab9){ref-type="table"} and [10](#Tab10){ref-type="table"}, respectively. The second part of the chapter includes a review of the theoretical models for heavy-quark interactions and energy loss in the medium, with a detailed description of the model ingredients in terms of the quark--medium interaction (Sect. [4.3](#Sec42){ref-type="sec"}) and of the medium modelling (Sect. [4.4](#Sec49){ref-type="sec"}). A comparative overview of the models and comprehensive comparison with data from RHIC and LHC are presented in Sect. [4.5](#Sec56){ref-type="sec"}. Finally, the theoretical and experimental prospects for the study of heavy-flavour correlations are discussed in Sect. [4.6](#Sec57){ref-type="sec"}.Table 10Open heavy flavour published measurements in Pb--Pb collisions at LHC. The nucleon--nucleon energy in the centre-of-mass system ($\documentclass[12pt]{minimal}
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Experimental overview: production and nuclear modification factor measurements {#Sec34}
------------------------------------------------------------------------------

### Inclusive measurements with leptons {#Sec35}

Heavy-flavour production can be measured inclusively via the semi-leptonic decay channels. The key points of the measurement are the lepton identification and background subtraction.

In the STAR experiment, electrons are identified using the specific energy-loss ($\documentclass[12pt]{minimal}
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### D meson measurements {#Sec36}

The differential charm production cross section is determined from measurements of open charm mesons (STAR and ALICE). D mesons are reconstructed via the hadronic decays $\documentclass[12pt]{minimal}
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Initial-state effects were investigated by the ALICE Collaboration by measuring D production in p--Pb collisions \[[@CR324]\] (see Sect. [3.3.2](#Sec29){ref-type="sec"}). The nuclear modification factor of prompt D mesons in minimum-bias p--Pb at $\documentclass[12pt]{minimal}
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### Beauty production measurements {#Sec37}

The detection and identification of beauty hadrons usually exploit their long life times, with $\documentclass[12pt]{minimal}
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Lepton identification is often exploited in beauty measurements, as the semi-leptonic branching ratio is about 20 %, taking into account both decay vertices. The beauty contribution can be extracted from the semi-electronic decays of heavy flavours through a fit of the impact-parameter distribution. This approach was applied by the ALICE Collaboration in $\documentclass[12pt]{minimal}
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A more direct measurement is achieved using the inclusive $\documentclass[12pt]{minimal}
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Further insights into the parton energy loss can be provided through measurements of reconstructed jets and comparison with theory \[[@CR495]\], which is complementary to the studies on B hadrons as the reconstructed jet energy is closely related to that of the $\documentclass[12pt]{minimal}
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The expected dependence of in-medium energy loss on the parton colour charge and mass can be investigated by comparing the nuclear modification factor of charged hadrons, mostly originating from gluon fragmentation at the LHC collision energy, with that of hadrons with charm and beauty. The comparison between D-meson and charged particle $\documentclass[12pt]{minimal}
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Experimental overview: azimuthal anisotropy measurements {#Sec39}
--------------------------------------------------------

As mentioned in the introduction to this chapter, the azimuthal anisotropy of particle production in heavy-ion collisions is measured using the Fourier expansion of the azimuthal angle ($\documentclass[12pt]{minimal}
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### Inclusive measurements with electrons {#Sec40}

The measurement of the production of heavy-flavour decay electrons has been presented in Sect. [4.1.1](#Sec35){ref-type="sec"}. In order to determine the heavy-flavour decay-electron $\documentclass[12pt]{minimal}
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### D-meson measurements {#Sec41}

The ALICE Collaboration measured the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v_{2}$$\end{document}$ of prompt D mesons in Pb--Pb collisions at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s_{\mathrm{NN}}} =2.76$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {TeV}$$\end{document}$  \[[@CR478], [@CR479]\]. The D mesons ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {D}^{0} $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {D}^{+} $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {D}^{*+} $$\end{document}$) were measured in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|y| < 0.8$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2 < p_{\mathrm {T}} < 16$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$~\text {GeV}/c$$\end{document}$ using their hadronic decay channels, and exploiting the separation of a few hundred $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\upmu $$\end{document}$m of the decay vertex from the interaction vertex to reduce the combinatorial background. The measurement of D-meson $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v_{2}$$\end{document}$ was carried out using the event plane, the scalar product and the two-particle cumulant methods.

Figure [58](#Fig58){ref-type="fig"} (left) shows the average of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v_{2}$$\end{document}$ measurements for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {D}^{0} $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {D}^{+} $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {D}^{*+} $$\end{document}$ in the centrality class 30--50 % as a function of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$  \[[@CR479]\]. The measurement shows a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v_{2}$$\end{document}$ larger than zero in the interval $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2 < p_{\mathrm {T}} < 6$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$~\text {GeV}/c$$\end{document}$ with a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$5.7\sigma $$\end{document}$ significance. In the same figure, the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v_{2}$$\end{document}$ of charged particles for the same centrality class is reported for comparison: the magnitude of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v_{2}$$\end{document}$ is similar for charmed and light-flavour hadrons. Figure [58](#Fig58){ref-type="fig"} (right) shows the dependence on collision centrality of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {D}^{0} $$\end{document}$ meson $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v_{2}$$\end{document}$ for three $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ intervals. An increasing trend of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v_{2}$$\end{document}$ towards more peripheral collisions is observed, as expected due to the increasing initial spatial anisotropy.

As discussed at the beginning of this Section, the azimuthal dependence of the nuclear modification factor $\documentclass[12pt]{minimal}
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Theoretical overview: heavy flavour interactions in the medium {#Sec42}
--------------------------------------------------------------
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All the approaches include a description of the interactions that occur between the heavy quarks and the partonic constituents of the QGP. For ultra-relativistic heavy quarks ($\documentclass[12pt]{minimal}
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In the relativistic regime, the gluon formation time for radiative processes becomes small enough that the energy-loss probability $\documentclass[12pt]{minimal}
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Some of the approaches consider only partonic interactions and define the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal{P}_{Q\rightarrow H}$$\end{document}$ probability as a convolution of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal{P}_{Q\rightarrow Q'}(p_Q^\mathrm{in},p_Q^\mathrm{fin})$$\end{document}$ -- the probability for the heavy quark to lose $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_Q^\mathrm{in}-p_Q^\mathrm{fin}$$\end{document}$ in the medium -- with the unmodified fragmentation function. A number of approaches also include, for low-intermediate momentum heavy quarks, a contribution of hadronisation via recombination (also indicated as coalescence). Finally, some approaches consider late-stage interactions of the heavy-flavour hadrons with the partonic or hadronic medium.

In this section, we summarise the various approaches for the calculation of the heavy-quark interactions within the medium.Sections [4.3.1](#Sec43){ref-type="sec"} and [4.3.2](#Sec44){ref-type="sec"} are devoted to pQCD and pQCD-inspired calculations of radiative and collisional energy loss, as developed by Gossiaux et al. (MC$\documentclass[12pt]{minimal}
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The implementation of these various approaches in full models that allow one to compute the final heavy-flavour hadron kinematic distributions will be described in Sect. [4.4](#Sec49){ref-type="sec"}, with particular emphasis on the modelling of the QGP and its evolution.

Given the focus of this review, we have chosen not to discuss the theoretical approaches that were not yet applied to LHC energies at the time of writing the document. For example, the modelling of heavy quark energy loss within the Dynamical Quasi-Particle Model (DQPM) approach in \[[@CR504], [@CR505]\], recently integrated in the PHSD transport theory \[[@CR506]\], appears to be quite promising.

### pQCD energy loss in a dynamical QCD medium {#Sec43}

Within a weak-coupling approach the interaction of heavy quarks with the medium can be described in terms of the uncorrelated scatterings with the light quarks and gluons of the hot deconfined plasma. Neglecting radiative processes one can then attempt an evaluation of the heavy-flavour transport coefficients arising from the $\documentclass[12pt]{minimal}
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The radiative processes, which are neglected in the model described above, are taken into account in other approaches. Djordjevic et al. developed a state-of-the-art dynamical energy-loss formalism, which (i) is applicable for both light and heavy partons, (ii) computes both radiative \[[@CR511], [@CR512]\] and collisional \[[@CR513]\] energy loss in the *same* theoretical framework, (iii) takes into account recoil of the medium constituents, i.e. the fact that medium partons are moving (i.e. dynamical) particles, (iv) includes realistic finite size effects, i.e. the fact that the partons are produced inside the medium and that the medium has finite size. Recently, the formalism was also extended to include (v) finite magnetic mass effects \[[@CR514]\] and (vi) running coupling (momentum dependence of $\documentclass[12pt]{minimal}
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In this formalism, radiative and collisional energy losses are calculated for an optically thin dilute QCD medium. Consequently, both collisional and radiative energy losses are computed to the leading order. That is, for collisional energy loss, the loss is calculated for one collisional interaction with the medium, while for radiative energy loss, the loss is calculated for one interaction with the medium accompanied by the emission of one gluon. The medium is described as a thermalised QGP \[[@CR516], [@CR517]\] at temperature *T* and zero baryon density, with $\documentclass[12pt]{minimal}
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                \begin{document}$$n_f$$\end{document}$ effective massless quark flavours in equilibrium with the gluons. The Feynman diagrams contributing to the collisional and the radiative quark energy loss are presented in Refs. \[[@CR511], [@CR513]\]. A full account of the calculation is presented in Ref. \[[@CR513]\] for collisional energy loss, and in Ref. \[[@CR511]\] for radiative energy loss. Since the expression for collisional energy loss is lengthy, it will not be presented here, while the expression for radiative energy loss is given by$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \frac{\Delta E_{\mathrm {dyn}}}{E}=\int \mathrm {d}x \mathrm {d}^2k\, x \frac{\mathrm {d}^3N^g}{\mathrm {d}x \mathrm {d}^2k} \end{aligned}$$\end{document}$$with the radiation spectrum$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \frac{\mathrm {d}^3N^g}{\mathrm {d}x \mathrm {d}^2k}= & {} \frac{C_R \alpha _s}{\pi }\,\frac{L}{\lambda _\mathrm {dyn}} \int \frac{\mathrm {d}^2q}{x \pi ^2} \, v_\mathrm {dyn}(\vec {q})\nonumber \\&\left( 1-\frac{\sin {\left( \frac{(\vec {k}{+}\vec {q})^2+\chi }{x E^{+}} \, L\right) }}{\frac{(\vec {k}{+}\vec {q})^2+\chi }{x E^{+}}\, L}\right) \frac{2(\vec {k}{+}\vec {q})}{(\vec {k}{+}\vec {q})^2{+}\chi }\nonumber \\&\cdot \left( \frac{(\vec {k}{+}\vec {q})}{(\vec {k}{+}\vec {q})^2{+}\chi } - \frac{\vec {k}}{\vec {k}^2{+}\chi } \right) , \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\vec {q}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\vec {k}$$\end{document}$ are, respectively, the momentum of the radiated gluon and the momentum of the exchanged virtual gluon with a parton in the medium, with both $\documentclass[12pt]{minimal}
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                \begin{document}$$v_\mathrm {dyn}(\vec {q})=\frac{\mu _E^2}{\vec {q}^2 (\vec {q}^2{+}\mu _E^2)}$$\end{document}$ is the effective potential. $\documentclass[12pt]{minimal}
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                \begin{document}$$m_Q$$\end{document}$ is the heavy-quark mass, *x* is the longitudinal momentum fraction of the heavy quark carried away by the emitted gluon and $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _E$$\end{document}$ is the Debye mass. It can be noted that the $\documentclass[12pt]{minimal}
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                \begin{document}$$C_R$$\end{document}$ term encodes the colour charge dependence of the energy loss (for radiative energy loss off a gluon $\documentclass[12pt]{minimal}
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                \begin{document}$$m_Q/(\vec {k}+\vec {q})$$\end{document}$.Fig. 61Fractional energy loss (Eq. ([33](#Equ33){ref-type=""})) evaluated for collisional and radiative processes and for charm and beauty quarks, at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T=304~\mathrm{MeV}$$\end{document}$

Note that this dynamical energy loss presents an extension of the well-known static DGLV \[[@CR457], [@CR518]\] energy-loss formalism to the dynamical QCD medium. The connection between dynamical and static energy losses was discussed in Refs. \[[@CR511], [@CR512]\]. That is, static energy loss can be obtained from the above dynamical energy-loss expression by replacing the dynamical mean free path and effective potential by equivalent expressions for a static QCD medium: $\documentclass[12pt]{minimal}
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                \begin{document}$$v_\mathrm {dyn}(\vec {q})\rightarrow v_\mathrm {stat}(\vec {q})=\frac{\mu _E^2}{(\vec {q}^2{+}\mu _E^2)^2}$$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda _\mathrm {dyn}^{-1}\rightarrow \lambda _\mathrm {stat}^{-1}= 6 \frac{1.202}{\pi ^2} \frac{1{+}\frac{n_f}{4}}{1{+}\frac{n_f}{6}} \lambda _\mathrm {dyn}^{-1}$$\end{document}$. Note that the static DGLV formalism was also used in the WHDG model \[[@CR459], [@CR519]\], as well as for the quark energy-loss calculation by Vitev et al. (see Sect. [4.3.3](#Sec45){ref-type="sec"}).

The dynamical energy-loss formalism was further extended to the case of finite magnetic mass, since various non-perturbative approaches suggest a non-zero magnetic mass at RHIC and LHC collision energies (see e.g.  Refs. \[[@CR520]--[@CR524]\]). The finite magnetic mass is introduced through generalised sum-rules \[[@CR514]\]. The main effect of the inclusion of finite magnetic mass turns out to be the modification of effective cross section $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _M$$\end{document}$ is the magnetic mass. In Fig. [61](#Fig61){ref-type="fig"}, the fractional energy loss $\documentclass[12pt]{minimal}
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                \begin{document}$$~\text {GeV}/c$$\end{document}$ for beauty quark. The comparison of radiative energy loss for the two quark species clearly illustrates the dead cone effect, as well as its disappearance when $\documentclass[12pt]{minimal}
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In \[[@CR495]\], a calculation for the *b*-jet production in AA was performed following very similar ingredients for the energy loss. The medium-induced gluon spectrum in the soft gluon approximation was evaluated as in \[[@CR392]\] in a medium which incorporates Glauber geometry and Bjorken expansion. With the QGP-induced distribution of gluons $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega $$\end{document}$ is the energy and *r* is the angle) of gluons at hand, the fraction *f* of the in-medium parton shower energy that is contained in the jet cone of radius *R* was evaluated as$$\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta E^\mathrm{coll}$$\end{document}$ is evaluated as in Refs. \[[@CR525], [@CR526]\] and helps to solve for $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega ^\mathrm{coll}$$\end{document}$. Then, for any *R*, Eq. ([34](#Equ34){ref-type=""}) allows one to treat the radiative and collisional energy-loss effects on the same footing. Writing down explicitly the phase-space Jacobian $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {d}^2\sigma ^\mathrm{CNM,LO+PS} / {\mathrm {d}y \mathrm {d}p_{\mathrm {T}}} $$\end{document}$ includes cold nuclear matter effects.

The same group recently published predictions for photon-tagged and B-meson-tagged *b*-jet production at LHC \[[@CR527]\].
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In the Monte Carlo at Heavy Quark approach \[[@CR528]--[@CR530]\] (MC$\documentclass[12pt]{minimal}
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                \begin{document}$$@_s$$\end{document}$HQ), heavy quarks lose and gain energy by interacting with light partons from the medium (assumed to be in thermal equilibrium) according to rates which include both collisional and radiative types of processes.

For the collisional energy loss, the elements of the transition matrix are calculated from the pQCD Born approximation \[[@CR369], [@CR531]\], supplemented by a running coupling constant $\documentclass[12pt]{minimal}
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                \begin{document}$$n_f = 3$$\end{document}$. The *t* channel requires infra-red regularisation which describes the physics of the screening at long distances \[[@CR534]\]. For this purpose one adopts, in a first stage, a similar HTL polarisation as in the usual weak-coupling calculation of the energy loss \[[@CR451], [@CR452]\] for the small momentum-transfers, including the running $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ (Eq. ([36](#Equ36){ref-type=""})), while a semi-hard propagator is adopted for the large momentum-transfers. Then the model is simplified by resorting to an effective scalar propagator $\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa $$\end{document}$ fixed to reproduce the value of the energy loss obtained at the first stage. The resulting model leads to a stronger coupling than previous calculations performed with fixed-order $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s=0.3$$\end{document}$. It is also found to be compatible with the calculation of Ref. \[[@CR536]\] -- where the running of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ is rigorously implemented -- in the region where the latter is applicable.

A similar model is implemented in BAMPS \[[@CR537]--[@CR540]\], although with some variations. In BAMPS the Debye mass $\documentclass[12pt]{minimal}
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                \begin{document}$$m_D^2$$\end{document}$ is calculated dynamically from the non-equilibrium distribution functions *f* of gluons and light quarks via \[[@CR541]\] $\documentclass[12pt]{minimal}
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                \begin{document}$$\nu _g = 16$$\end{document}$ is the gluon degeneracy. While MC@$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$_s$$\end{document}$HQ applies the equilibrium Debye mass with quantum statistics for temperatures extracted from the fluid dynamic background, BAMPS treats all particles as Boltzmann particles, due to the non-equilibrium nature of the cascade. Moreover, in BAMPS the scale of the running coupling in the Debye mass is evaluated at the momentum transfer of the process, e.g. $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s(t)$$\end{document}$. The differences in the treatment lead to a larger energy loss of about a factor of two in MC@$\documentclass[12pt]{minimal}
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                \begin{document}$$_s$$\end{document}$HQ compared to BAMPS.

As for the radiative energy loss, the model mostly concentrates on the case of intermediate energy for which coherence effects do not play the leading role. Exact momentum conservation and scattering on dynamical partons have, however, to be implemented exactly. In the MC@$\documentclass[12pt]{minimal}
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                \begin{document}$$_s$$\end{document}$HQ approach \[[@CR542], [@CR543]\], the calculations of Ref. \[[@CR544]\] are thus extended for incoherent radiation off a single massless parton to the case of massive quarks. For the central "plateau" of radiation, one obtains that the cross section $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {d}\sigma (Qq\rightarrow Qqg)$$\end{document}$ is dominated by a gauge-invariant subclass of diagrams. It can be factorised as the product of the elastic cross section $\documentclass[12pt]{minimal}
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                \begin{document}$$P_g$$\end{document}$ representing the conditional probability of radiation per elastic collision, which is collinear-safe thanks to the heavy-quark mass $\documentclass[12pt]{minimal}
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                \begin{document}$$m_Q$$\end{document}$. Moreover, it was shown in Ref. \[[@CR543]\] that a fair agreement with the exact power spectra can be achieved by considering the eikonal limit in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$P_g$$\end{document}$ and preserving the phase-space condition. The ensuing relation reads $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {d}\sigma (Qq\rightarrow Qqg)=\mathrm {d}\sigma (Qq\rightarrow Qq) P_g^\mathrm{eik}$$\end{document}$, with$$\documentclass[12pt]{minimal}
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                \begin{document}$$\vec {k}_t$$\end{document}$ its transverse momentum and $\documentclass[12pt]{minimal}
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                \begin{document}$$\vec {l}_t$$\end{document}$ the momentum exchanged with the light parton. For the radiation in a medium at finite temperature, the radiated gluon acquires a thermal mass, which leads to a modification $\documentclass[12pt]{minimal}
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                \begin{document}$$x^2 m_Q^2 \rightarrow x^2 m_Q^2 +(1-x) m_g^2$$\end{document}$ in Eq. ([37](#Equ37){ref-type=""}). As a consequence, the power spectra are vastly reduced. In MC@$\documentclass[12pt]{minimal}
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                \begin{document}$$_s$$\end{document}$HQ, an explicit realisation of the elastic process is achieved first, and the radiation factor $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$P_g$$\end{document}$ is then sampled along the variables *x* and $\documentclass[12pt]{minimal}
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                \begin{document}$$\vec {k}_t$$\end{document}$. In Ref. \[[@CR545]\], the implementation of radiative processes was generalised to include the coherent radiation, through an interpolation between single and multiple scatterings matched to the BDMPS result \[[@CR546]\]. However it neglects the finite path length effects which are important for thin plasmas. Hereafter, this will be referred to as "LPM-radiative". For further description of the model, the reader is referred to Ref. \[[@CR530]\].

Similar considerations apply for radiative energy loss in BAMPS \[[@CR547], [@CR548]\]. Due to the semi-classical transport nature of BAMPS, the LPM effect is included effectively by comparing the formation time of the emitted gluon to the mean free path of the jet \[[@CR549]\]. Furthermore, the emitted gluon is treated as a massless particle.Fig. 62Macroscopic properties for both elastic and elastic plus LPM-radiative model. On the *left panel*, the diffusion coefficient $\documentclass[12pt]{minimal}
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                \begin{document}$$T/T_c$$\end{document}$ and compared to the l-QCD calculations of \[[@CR550], [@CR551]\]. On the *right panel*, the average momentum loss per unit of time is plotted vs. heavy-quark momentum both for $\documentclass[12pt]{minimal}
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Figure [62](#Fig62){ref-type="fig"} illustrates two properties of this energy-loss model as implemented in MC@*s*HQ model. Both the pure elastic case and a combination of the elastic and LPM-radiative energy loss are considered. In both cases, the model is calibrated by applying a multiplicative *K*-factor to the interaction cross sections, in order to describe the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ range in Pb--Pb collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$ in the 0--20 % centrality class. This leads to $\documentclass[12pt]{minimal}
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                \begin{document}$$K_\mathrm{el+LPM-rad}=0.8$$\end{document}$, while one obtains $\documentclass[12pt]{minimal}
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                \begin{document}$$K_\mathrm{el+LPM-rad}=1$$\end{document}$ following a similar procedure at RHIC. For the spatial diffusion coefficient $\documentclass[12pt]{minimal}
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                \begin{document}$$D_s$$\end{document}$, one sees that both combinations are compatible with the l-QCD calculations of Refs. \[[@CR550], [@CR551]\] and thus provide some systematic "error band" of the approach. The corresponding average momentum loss per unit of time (or length), shown on the right panel of Fig. [62](#Fig62){ref-type="fig"}, illustrates the mass-hierarchy, found to be stronger for the radiative component (black lines in the figure).

### Collisional dissociation of heavy mesons and quarkonia in the QGP {#Sec45}

Heavy flavour dynamics in dense QCD matter critically depends on the time scales involved in the underlying reaction. Two of these time scales, the formation time of the QGP $\documentclass[12pt]{minimal}
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                \begin{document}$$L_{QGP}$$\end{document}$, can be related to the nuclear geometry, the QGP expansion, and the bulk particle properties. The formation time $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _\mathrm{form}$$\end{document}$ of heavy mesons and quarkonia, on the other hand, can be evaluated from the virtuality of the heavy quark *Q* decay into D, B mesons \[[@CR422], [@CR460]\] or the time for the $\documentclass[12pt]{minimal}
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                \begin{document}$$\gg L_{QGP}$$\end{document}$ affords a relatively simple interpretation of light hadron quenching in terms of radiative and collisional parton-level energy loss \[[@CR552]\]. On the other hand, for D, B, $\documentclass[12pt]{minimal}
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                \begin{document}$$\Upsilon (1\mathrm{S})$$\end{document}$, one obtains $\documentclass[12pt]{minimal}
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                \begin{document}$$ \tau _\mathrm{form} \sim $$\end{document}$ 1.6, 0.4, 3.3 and 1.4 fm $\documentclass[12pt]{minimal}
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                \begin{document}$$\ll L_{QGP}$$\end{document}$. Such short formation times necessitate understanding of heavy meson and quarkonium propagation and dissociation in strongly interactingmatter.

The Gulassy--Levai--Vitev (GLV) reaction operator formalism was developed for calculating the interactions of parton systems as they pass through a dense strongly interacting medium. It was generalised to the dissociation of mesons (quark-antiquark binaries), as long as the momentum exchanges from the medium $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu = g T$$\end{document}$ can resolve their internal structure. The dissociation probability and dissociation time$$\documentclass[12pt]{minimal}
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                \begin{document}$$\psi _f$$\end{document}$ has the resummed collisional interactions in the QGP. Let us denote by$$\documentclass[12pt]{minimal}
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                \begin{document}$$b$$\end{document}$ quark cross section. Energy loss in the partonic state can be implemented as quenched initial conditions \[[@CR83], [@CR422]\]. Including the loss and gain terms one obtains$$\documentclass[12pt]{minimal}
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                \begin{document}$$T_\mathrm{c}$$\end{document}$ (*bottom to top*); *Right* same as *left panel* but for bottom quarks. Figures are taken from Ref. \[[@CR564]\]

### *T*-matrix approach to heavy-quark interactions in the QGP {#Sec46}

The thermodynamic *T*-matrix approach is a first-principles framework to self-consistently compute one- and two-body correlations in hot and dense matter. It has been widely applied to, e.g., electromagnetic plasmas \[[@CR553]\] and the nuclear many-body problem \[[@CR554], [@CR555]\]. Its main assumption is that the basic two-body interaction can be cast into the form of a potential, *V*(*t*), with the four-momentum transfer approximated by $\documentclass[12pt]{minimal}
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                \begin{document}$$\vec q^{\, 2} \sim T^2$$\end{document}$. Therefore, the *T*-matrix formalism is a promising framework to treat the non-perturbative physics of heavy-quark (HQ) interactions in the QGP \[[@CR556]--[@CR558]\]. It can be applied to both hidden and open heavy-flavour states, and it provides a comprehensive treatment of bound and scattering states \[[@CR558]\]. It can be systematically constrained by lattice data \[[@CR559]\], and implemented to calculate heavy-flavour observables in heavy-ion collisions \[[@CR560], [@CR561]\].

The potential approximation allows one to reduce the four-dimensional Bethe--Salpeter into a three-dimensional Lippmann--Schwinger equation, schematically given by$$\documentclass[12pt]{minimal}
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                \begin{document}$$G_2$$\end{document}$ denotes the in-medium 2-particle propagator. Using the well-known Cornell potential in vacuum \[[@CR562]\], heavy quarkonium spectroscopy and heavy-light meson masses can be reproduced, while relativistic corrections (magnetic interactions) allow one to recover perturbative results in the high-energy limit for HQ scattering \[[@CR558]\].

The pertinent transport coefficients for a heavy quark of momentum $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{M}_{Qj}$$\end{document}$, is directly proportional to the *T*-matrix. An important ingredient is how the HQ potential *V* is modified in medium. This is currently an open question. As limiting cases the HQ free (*F*) and internal (*U*) energies computed in lattice-QCD (l-QCD) have been employed \[[@CR563]\]. The internal energy produces a markedly stronger interaction, and, when employed in the *T*-matrix approach, generally leads to better agreement with other quantities computed on the lattice (e.g., quarkonium correlators, HQ susceptibility, etc. \[[@CR559]\]). The resulting $\documentclass[12pt]{minimal}
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                \begin{document}$$T_\mathrm{c}$$\end{document}$, cf. left panel of Fig. [63](#Fig63){ref-type="fig"}. A similar enhancement is found for $\documentclass[12pt]{minimal}
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                \begin{document}$$m_b/m_c\simeq 3$$\end{document}$, cf. right panel of Fig. [63](#Fig63){ref-type="fig"}. The non-perturbative enhancement is mostly caused by resonant D/B-meson and di-quark states which emerge in the colour-singlet and anti-triplet channels as $\documentclass[12pt]{minimal}
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                \begin{document}$$T_\mathrm{c}$$\end{document}$ is approached from above. These states naturally provide for HQ coalescence processes in the hadronisation transition, i.e., the same interaction that drives non-perturbative diffusion also induces hadron formation. The resummations in the *T*-matrix, together with the confining interaction in the potential, play a critical role in this framework. At high momenta, both confining and resummation effects become much weaker and the diffusion coefficients approach the perturbative (colour-Coulomb) results, although at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p\simeq 5$$\end{document}$ GeV, the enhancement is still about a factor of 2 for charm quarks. With increasing temperature, the colour screening of the l-QCD-based interaction potentials leads to an increase in the (temperature-scaled) spatial diffusion coefficient, $\documentclass[12pt]{minimal}
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After coalescence into open-charm mesons, the approach also accounts for the diffusion of heavy-flavour mesons in the hadronic phase. Pertinent transport coefficients have been worked out in \[[@CR565]\], based on effective D-meson scattering amplitudes off light hadrons as available from the literature. These include $\documentclass[12pt]{minimal}
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                \begin{document}$$T_\mathrm{c}$$\end{document}$. As first pointed out in \[[@CR491], [@CR565]\], this suggests a minimum of the (*T*-scaled) heavy-flavour diffusion coefficient via a smooth transition through the pseudo-critical region, as to be expected for a cross-over transition (see Fig. [64](#Fig64){ref-type="fig"}).Fig. 64Spatial heavy-flavour diffusion coefficient (defined via the relaxation rate at zero momentum) for the *T*-matrix approach in the QGP using the *U* (*lower red band*) or *F* potential (*upper green band*) \[[@CR558]\], or pQCD with $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s=0.4$$\end{document}$ (*dash-dotted line*), in hadronic matter (*dashed line*) \[[@CR565]\], and from quenched lattice QCD \[[@CR551], [@CR566]\] (*data points*); figure taken from \[[@CR491]\]

### Lattice-QCD {#Sec47}

First principle non-perturbative results for the transport coefficients can be obtained, although within a limited kinematic domain and with sizeable systematic uncertainties, from lattice QCD (l-QCD) calculations. The theoretical set-up employed to extract the momentum diffusion coefficient $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa $$\end{document}$ \[[@CR567]\] is described in the following. This approach is valid in the non-relativistic limit (for this calculation heavy quarks on the lattice are taken as static colour sources) where the transport of heavy quarks reduces to the Langevin equation$$\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa $$\end{document}$ are the friction and diffusion coefficients and where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$\kappa $$\end{document}$ is given by the Fourier transform of the following force--force correlator$$\documentclass[12pt]{minimal}
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                \begin{document}$$m_Q\!=\!\infty $$\end{document}$) heavy quark. In a thermal bath, correlators are related by the Kubo--Martin--Schwinger condition, entailing for the spectral function the relation $\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa $$\end{document}$ depends on the low-frequency behaviour of the spectral density $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma (\omega )$$\end{document}$ of the electric-field correlator in the presence of a heavy quark in the original thermal average in Eq. ([45](#Equ45){ref-type=""}). The latter can be evaluated on the lattice for imaginary times $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} {D_E(\tau )}=-\frac{\langle \mathrm{Re\,Tr}[U(\beta ,\tau )gE^i(\tau ,\mathbf{0})U(\tau ,0)gE^i(0,\mathbf{0})]\rangle }{\langle \mathrm{Re\,Tr}[U(\beta ,0)]\rangle }.\nonumber \\ \end{aligned}$$\end{document}$$In the above equation the expectation value is now taken over a thermal ensemble of states of gluons and light quarks, with the Wilson lines $\documentclass[12pt]{minimal}
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                \begin{document}$$U(\tau _1,\tau _2)$$\end{document}$ reflecting the presence of a static heavy quark. As it is always the case when attempting to get information on real-time quantities from l-QCD simulations, the major difficulty consists in reconstructing the spectral density $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _i\!\in \!(0,\beta )$$\end{document}$. Lattice results for the heavy quark diffusion coefficient are currently available for the case of a pure *SU*(3) gluon plasma \[[@CR569], [@CR570]\]. In transport calculations, depending on the temperature, one relied on the values $\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa /T^3\!\equiv \!\overline{\kappa }\!\approx \!2.5-4$$\end{document}$ obtained in Ref. \[[@CR570]\], which the authors are currently trying to extrapolate to the continuum (i.e. zero lattice-spacing) limit.
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                \begin{document}$$m_Q\!=\!\infty $$\end{document}$ limit and lacking any information on their possible momentum dependence, the above results for $\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa $$\end{document}$ have to be taken with some grain of salt when facing the present experimental data (mostly referring to charm at not so small $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$); however, they could represent a really solid theoretical benchmark when beauty measurements, for which $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M\!\gg \!T$$\end{document}$, at low $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} $$\end{document}$ will become available. Bearing in mind the above caveats and neglecting any possible momentum dependence of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa $$\end{document}$, the above l-QCD transport coefficients (the friction coefficient $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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### Heavy-flavour interaction with medium in AdS/CFT {#Sec48}

The anti-de-Sitter/conformal field theory (AdS/CFT) correspondence \[[@CR571], [@CR572]\] is a conjectured dual between field theories in *n* dimensions and string theories in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$\mathcal {N} = 4$$\end{document}$ super Yang--Mills (SYM) and Type IIB string theory; these two theories are generally considered exact duals of one another. The calculational advantage provided by the conjecture is that there is generally speaking an inverse relationship between the strength of the coupling in the dual theories: when the field theory is weakly coupled the string theory is strongly coupled, and vice versa. The advantage for QCD physics accessible at current colliders is clear: the temperatures reached at RHIC and LHC are at most a few times $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda _{\mathrm {QCD}}$$\end{document}$; it is therefore reasonable to expect that much of the dynamics in these collisions is dominated by QCD physics that is strongly coupled and hence theoretically accessible only via the lattice, which is then generally restricted to imaginary time correlators, or via the methods of AdS/CFT. The leading-order contribution to string theory calculations (corresponding to a very strong coupling limit in the field theory) comes from classical gravity; one uses the usual tools of Einsteinian General Relativity. Although much research is focussed on finding dual string theories ever closer to QCD, no one has yet found an exact dual; nevertheless, one hopes to gain non-trivial insight into QCD physics by investigating the relevant physics from known AdS/CFT duals. An obvious limitation of the use of AdS/CFT is that it is difficult to quantify the corrections one expects when going from the dual field theory in which a derivation is performed to actual QCD.Fig. 65Schema for the heavy quark drag calculation \[[@CR572]\]

The main thrust of open heavy flavour suppression research that uses the AdS/CFT correspondence assumes that all couplings are strong, regardless of scale (calculations for light quarks with all couplings assumed strong and calculations for which some couplings are strong and some are weak have also been performed; see \[[@CR571], [@CR572]\] and references therein for a review). For reasons soon to be seen, the result is known as "heavy quark drag"; see Fig. [65](#Fig65){ref-type="fig"} for a picture of the set-up. The heavy quark is modelled as a string with one endpoint near (or, for an infinitely massive quark, at) the boundary of the AdS space; the string hangs down in the fifth dimension of the space-time towards a black hole horizon (the Hawking temperature of the black hole is equal to the temperature of the Yang--Mills plasma). As the string endpoint near the boundary moves, momentum flows down the string; this momentum is lost to the thermal plasma. For a heavy quark moving with constant velocity *v* in $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal {N} = 4$$\end{document}$ SYM, one finds \[[@CR453], [@CR454]\]$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \frac{\mathrm {d}p}{\mathrm {d}t} = -\frac{\pi \sqrt{\lambda }}{2}T_{SYM}^2\frac{v}{\sqrt{1-v^2}} \;\; \Longrightarrow \;\; \frac{\mathrm {d}p}{\mathrm {d}t} = -\mu _Q\,p, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _Q = \pi \sqrt{\lambda }T_{SYM}^2/2m_Q$$\end{document}$, and the energy loss reduces to a simple drag relationship in the limit of a very heavy quark, for which corrections to the usual dispersion relation $\documentclass[12pt]{minimal}
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                \begin{document}$$p/m_Q \, = \, v/\sqrt{1-v^2}$$\end{document}$ are small.

As the string is dragged, an induced black hole horizon forms in the induced metric on the worldsheet of the string. This horizon emits Hawking radiation that is dual in the field theory to the influence of the thermal fluctuations of the plasma on the motion of the heavy quark. The diffusion coefficients have been derived in the large mass, constant motion limit \[[@CR573], [@CR574]\] as$$\documentclass[12pt]{minimal}
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                \begin{document}$$v\,\ne \,0$$\end{document}$ the above diffusion coefficients deviate from the usual ones found via the fluctuation--dissipation theorem, which, for the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _Q$$\end{document}$ of Eq. ([51](#Equ51){ref-type=""}), yields $\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa _\mathrm{T}\,=\,\kappa _\mathrm{L}\,=\,\pi \sqrt{\lambda }\gamma \, T_{SYM}$$\end{document}$. The entire set-up breaks down at a characteristic "speed limit," $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma _{\mathrm{crit}}^{SL} = (1 + 2 \, m_Q / \sqrt{\lambda }\,T_{SYM})^2 \, \approx 4\,m_Q^2 / \lambda \, T^2$$\end{document}$, which corresponds to the velocity at which the induced horizon on the worldsheet moves above the string endpoint (equivalently, if an electric field maintains the constant velocity of the heavy quark, at the critical velocity the field strength is so large that it begins to pair-produce heavy quarks) \[[@CR573]\]. Above the critical velocity, it no longer makes sense to treat the heavy quark as heavy, and one must resort to light-flavour energy-loss methods in AdS/CFT.

Theoretical overview: medium modelling and medium-induced modification of heavy-flavour production {#Sec49}
--------------------------------------------------------------------------------------------------

Besides modelling the energy loss as described in Sect. [4.3](#Sec42){ref-type="sec"}, each model aiming at explaining open heavy flavour observables in AA collisions needs to include several key ingredients. These are: the "initial" production of heavy flavour (see Sect. [2.1.1](#Sec4){ref-type="sec"}) possibly affected by cold nuclear matter effects (see Sect. [3](#Sec18){ref-type="sec"}), a space-time description of the QGP evolution up to the freeze-out, mechanisms for hadronisation (including specific processes like the so-called "coalescence") and, ultimately, D-meson and B-meson interactions in the ensuing hadronic matter. For a given energy-loss model, it has been shown that various choices of these auxiliary ingredients could generate a factor of 2 in the observables \[[@CR575]\]. In this section, the solutions adopted in the various models are described in order to better understand their predictions for the modification of heavy-flavour production in AA.

### pQCD energy loss in a static fireball (Djordjevic et al.) {#Sec50}

The dynamical energy-loss formalism discussed in Sect. [4.3.1](#Sec43){ref-type="sec"} (Djordjevic et al.) was incorporated by the same authors into a numerical procedure in order to calculate medium-modified heavy-flavour hadron momentum distributions. This procedure includes (i) production of light and heavy-flavour partons based on the non-zero-mass variable flavour number scheme VFNS \[[@CR391]\], NLO \[[@CR422]\] and FONLL calculations \[[@CR44]\], respectively, (ii) multi-gluon \[[@CR576]\] and path-length \[[@CR519], [@CR577]\] fluctuations, (iii) light \[[@CR578]\] and heavy \[[@CR579]--[@CR581]\] flavour fragmentation functions, and (iv) decay of heavy-flavour mesons to single electrons/muons and $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$  \[[@CR44]\]. This model does not include hadronisation via recombination. In-medium path length is sampled from a distribution corresponding to a static fireball at fixed effective temperature. The $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\mathrm {AA}}$$\end{document}$ predictions are provided for both RHIC and LHC energies, various light and heavy-flavour probes and different collision centralities. This model does not include any free parameter. All implementation details are provided in Ref. \[[@CR582]\]. A representative set of these predictions will be presented in Sect. [4.5](#Sec56){ref-type="sec"}, while other predictions and detailed comparison with experimental data are provided in Ref. \[[@CR515], [@CR582], [@CR583]\]. In summary, this formalism provides a robust agreement with experimental data, across diverse probes, experiments and experimental conditions.

### pQCD embedded in viscous hydro (POWLANG and Duke) {#Sec51}

The starting point of the POWLANG set-up \[[@CR507]\] is the generation of the $\documentclass[12pt]{minimal}
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                \begin{document}$${Q\overline{Q}}$$\end{document}$ pairs in elementary nucleon--nucleon collisions. For this purpose the POWHEG-BOX package \[[@CR48], [@CR152]\] is employed: the latter deals with the initial production in the hard pQCD event (evaluated at NLO accuracy), interfacing it to PYTHIA 6.4 \[[@CR151]\] to simulate the associated initial and final-state radiation and other effects, like e.g. the intrinsic-$\documentclass[12pt]{minimal}
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                \begin{document}$$k_{\mathrm {T}}$$\end{document}$ broadening. In the AA case, EPS09 nuclear corrections \[[@CR364]\] are applied to the PDFs and the $\documentclass[12pt]{minimal}
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                \begin{document}$${Q\overline{Q}}$$\end{document}$ pairs are distributed in the transverse plane according to the local density of binary collisions given by the geometric Glauber model. Furthermore, a further $\documentclass[12pt]{minimal}
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                \begin{document}$$k_{\mathrm {T}}$$\end{document}$ broadening depending on the crossed nuclear matter thickness is introduced, as described in Ref. \[[@CR508]\]. Both in the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm pp$$\end{document}$ benchmark and in the AA case (at the decoupling from the fireball) hadronisation is modelled through independent fragmentation of the heavy quarks, with in-vacuum fragmentation functions tuned by the FONLL authors \[[@CR431]\]. Concerning the modelling of the fireball evolution, the latter is taken from the output of the $\documentclass[12pt]{minimal}
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                \begin{document}$$(2+1)$$\end{document}$d viscous fluid dynamics code of Ref. \[[@CR584]\]. At each time step, the update of the heavy-quark momentum according to the Langevin equation is performed in the local rest frame of the fluid, boosting then back the results into the laboratory frame. In setting the transport coefficients entering into the Langevin equation, the approach adopted in Ref. \[[@CR507]\] was to derive the momentum broadening $\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa _\mathrm{T/L}(p)$$\end{document}$ and to fix the friction coefficient $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta _D(p)$$\end{document}$ so to satisfy the Einstein relation. For the former, two different sets of values were explored: the ones from a weak-coupling calculations described in Sect. [4.3.1](#Sec43){ref-type="sec"} and the ones provided by the lattice QCD calculations described in Sect. [4.3.5](#Sec47){ref-type="sec"}. The local character of these energy-loss models indeed allows for their implementation with fluid dynamics as a background.

In first phenomenological studies performed with the POWLANG set-up \[[@CR507], [@CR508]\] hadronisation was modelled as occurring in the vacuum, neglecting the possibility of recombination of the heavy quarks with light thermal partons from the medium. Hence no modification of the heavy flavour spectra or hadrochemistry at hadronisation was considered, charm and beauty going into hadrons with the same fragmentation fractions as in the vacuum. A medium-modified hadronisation scheme has been recently developed in Refs. \[[@CR585], [@CR586]\]. Note that the recombination with light thermal quarks would make the final charmed hadrons inherit part of the flow of the medium, moving present POWLANG results closer to the experimental data. First numerical results \[[@CR585], [@CR586]\] show that this is actually the case, in particular for what concerns the elliptic flow of D mesons at LHC and their $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ at RHIC.

In the Duke model \[[@CR587]\], the Langevin approach was generalised by Cao, Qin and Bass in order to include the contribution of radiative energy loss, thus offering a complementary perspective both with respect to the approach of Djordjevic (where static medium is considered) and to POWLANG (where no radiative energy loss is implemented). The generalised Langevin equation reads$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \frac{\mathrm {d}\vec {p}}{\mathrm {d}t}=-\eta _D(p) \vec {p} +\vec {\xi } + \vec {f}_g \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$\vec {f}_g$$\end{document}$ is the semi-classical recoil force exerted on heavy quark due to medium-induced gluon radiation. In a (Ito)-discretised scheme, the associated recoil momentum $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta t$$\end{document}$, by sampling the radiated gluon radiation spectrum $\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{\mathrm {d}N_g}{\mathrm {d}x \mathrm {d}k_\perp ^2 \mathrm {d}t}$$\end{document}$, with an absolute probability of radiation $\documentclass[12pt]{minimal}
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                \begin{document}$$\vec {\xi }$$\end{document}$ associated to the collisional processes are chosen to be autocorrelated in time according to $\documentclass[12pt]{minimal}
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                \begin{document}$$\langle \xi ^i(t) \xi ^j(t')\rangle =\kappa \delta ^{i j} \delta (t-t')$$\end{document}$, with a spatial diffusion coefficient $\documentclass[12pt]{minimal}
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                \begin{document}$$D_s=\frac{2 T^2}{\kappa }$$\end{document}$ set to $\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{6}{2\pi T}$$\end{document}$, while the gluon radiation spectrum is computed with the pQCD higher-twist approach \[[@CR458]\].

The space-time evolution of the temperature and collective flow profiles of the thermalised medium are described with a $\documentclass[12pt]{minimal}
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                \begin{document}$$(2+1)$$\end{document}$d viscous fluid dynamics \[[@CR588]--[@CR590]\]. At the end of the QGP phase, the hadronisation of heavy quarks is modelled with a hybrid fragmentation plus recombination scenario. Fragmentation processes are simulated by PYTHIA 6.4 \[[@CR151]\] while the heavy quark coalescence with light quarks is treated with the "sudden recombination" approach developed in \[[@CR591]\].

### pQCD-inspired energy loss with running $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ in a fluid-dynamical medium and in Boltzmann transport {#Sec52}

The implementation of the microscopic models based on a running coupling constant -- described in Sect. [4.3.2](#Sec44){ref-type="sec"} -- in the MC@$\documentclass[12pt]{minimal}
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                \begin{document}$$_s$$\end{document}$HQ and BAMPS frameworks is presented here. In its latest version, MC@$\documentclass[12pt]{minimal}
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                \begin{document}$$_s$$\end{document}$HQ couples a Boltzmann transport of heavy quarks to the ($\documentclass[12pt]{minimal}
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                \begin{document}$$3+1$$\end{document}$)d ideal-fluid-dynamical evolution from EPOS2 initial conditions. In its integral version, which includes the hadronic final-state interactions, the EPOS2 model describes very well a large variety of observables measured in the light-flavour sector in nucleus--nucleus, proton--nucleus and proton--proton collisions at RHIC and LHC \[[@CR264], [@CR592]--[@CR594]\]. Therefore, it provides as a reliable description of the medium from which the thermal scattering partners of the heavy quarks are sampled. Due to the fluctuating initial conditions of the fluid dynamics, the heavy-quark evolution can be treated in an event-by-event set-up. Initially, the heavy quarks are produced at the spatial scattering points of the incoming nucleons with a momentum distribution from either FONLL \[[@CR41], [@CR44], [@CR595]\] or MC\@NLO \[[@CR47], [@CR153]\]. The latter combines next-to-leading order pQCD cross sections with a parton shower evolution, which provides more realistic distributions for the initial correlations of heavy quark--antiquark pairs than the back-to-back initialisation applied to single inclusive spectra obtained with FONLL. In recent implementations \[[@CR596]\], a convolution of the initial $\documentclass[12pt]{minimal}
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                \begin{document}$$~\text {MeV}$$\end{document}$, which is well in the range of transition temperatures given by lattice QCD calculations \[[@CR597]\]. As described in \[[@CR529]\], hadronisation of heavy quarks into D and B mesons can proceed through coalescence (predominant at low $\documentclass[12pt]{minimal}
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In the BAMPS model \[[@CR541], [@CR599]\], the initial heavy quark distribution is obtained from MC\@NLO \[[@CR47], [@CR153]\] for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm pp$$\end{document}$ collisions through scaling with the number of binary collisions to heavy-ion collisions without taking cold nuclear matter effects into account. After the QGP evolution (that is, after the local energy density has fallen below $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$) heavy quarks are fragmented via Peterson fragmentation \[[@CR600]\] to D and B mesons. Recombination processes are not considered for the hadronisation.

RHIC heavy-flavour decay-electron data can be reproduced with only collisional interactions if their cross section is increased by a *K*-factor of 3.5 \[[@CR601]\]. With this parameter fixed, BAMPS predictions \[[@CR601]\] for $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\mathrm {AA}}$$\end{document}$ is slightly underestimated. However, the need of the phenomenological *K*-factor is rather unsatisfying from the theory perspective, especially if *K* is found to deviate vastly from unity. Therefore, radiative processes were recently included in BAMPS \[[@CR540]\] and the *K*-factor mocking higher-order effects abandoned.[21](#Fn21){ref-type="fn"} The ensuing predictions are in satisfactory agreement with the data, which seems to favour this recent development of the BAMPS model.

### Non-perturbative *T*-matrix approach in a fluid-dynamic model (TAMU) and in UrQMD transport {#Sec53}

The *T*-matrix approach for heavy-flavour diffusion through QGP, hadronisation and hadronic matter \[[@CR558], [@CR565]\] described in Sect. [4.3.4](#Sec46){ref-type="sec"} has been implemented into a fluid-dynamic background medium \[[@CR561]\]. The latter is based on the ($\documentclass[12pt]{minimal}
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                \begin{document}$$2+1$$\end{document}$)-dimensional ideal-fluid dynamics code of Kolb and Heinz \[[@CR602]\], but several amendments have been implemented to allow for an improved description of bulk-hadron observables at RHIC and LHC \[[@CR603]\]. First, the quasi-particle QGP equation of state (EoS) with first-order transition has been replaced by a lattice-QCD EoS which allows for a near-smooth matching into the hadron-resonance gas. Second, the initialisation at the thermalisation time has been augmented to account for a non-trivial flow field, in particular a significant radial flow \[[@CR604]\]. Third, the initial energy-density profile has been chosen in more compact form, close to a collision profile that turns out to resemble initial states from saturation models. All three amendments generate a more violent transverse expansion of the medium, which, e.g., have been identified as important ingredients to solve the discrepancy between the fluid dynamics predictions and the measured HBT radii at RHIC (the so-called HBT puzzle \[[@CR605]\]). These features furthermore lead to an "early" saturation of the bulk-medium $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{2}$$\end{document}$. This provides a natural explanation of the phenomenologically well-established universal kinetic-energy scaling of hadron $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{2}$$\end{document}$ at RHIC. For the medium evolution at LHC, an initial radial flow is phenomenologically less compelling, and has not been included in the tune of fluid dynamics for Pb--Pb collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _0=0.4$$\end{document}$ fm/*c*) is assumed to be shorter than at RHIC (0.6 fm/*c*). Representative bulk-hadron observables at LHC are reasonably well described as a function of both $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ and centrality \[[@CR606]\].

Heavy-flavour diffusion is implemented into the fluid-dynamical medium employing relativistic Langevin simulations of the Fokker--Planck equation. The pertinent non-perturbative transport coefficients from the heavy-light *T*-matrix in the QGP and effective hadronic theory for D mesons in the hadronic phase are utilised in the local rest frame of the expanding medium. The initial heavy-quark momentum distributions are taken from FONLL pQCD calculations \[[@CR595]\], which describe $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$-dependent formation probabilities from the heavy-light *T*-matrices in the colour-singlet channels. The hadronisation is carried out on the hyper-surface corresponding to $\documentclass[12pt]{minimal}
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                \begin{document}$$~\text {MeV}$$\end{document}$. The heavy quarks that do not recombine are hadronised via the same fragmentation function as used in $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm pp$$\end{document}$ collisions. The resulting D-meson distributions are further evolved through the hadronic phase until kinetic freeze-out of the fluid-dynamical medium. However, the distributions of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {D}^{+}_{s} =(c{\overline{s}})$$\end{document}$ mesons, which do not contain any light quarks, are frozen out right after hadronisation, in line with the early freeze-out of multi-strange mesons.

In recent years, another model \[[@CR608]--[@CR610]\] implementing the non-perturbative *T*-matrix approach described in Sect. [4.3.4](#Sec46){ref-type="sec"} has been put forward. It was motivated by the necessity of a realistic description for the bulk evolution of the fireball created in ultra-relativistic heavy-ion collisions. For this purpose, a transport fluid-dynamics hybrid model of the bulk has been developed \[[@CR611]\]. It combines the Ultra-relativistic Quantum Molecular Dynamics (UrQMD) to describe the initial and final stages and ideal-fluid dynamics for the intermediate stage of the evolution. In this model, the initial collision of the two nuclei is simulated with the UrQMD cascade model \[[@CR612], [@CR613]\]. After a time $\documentclass[12pt]{minimal}
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                \begin{document}$$t_{\text {start}}=2 R/\sqrt{\gamma _{\text {cm}}^2-1}$$\end{document}$, (*R*: radius of the colliding nuclei), when the Lorentz-contracted nuclei have passed through each other ($\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma _{\text {cm}}$$\end{document}$: the Lorentz-contraction factor in the centre-of-mass frame) the evolution is switched to a relativistic ideal-fluid simulation using the full ($\documentclass[12pt]{minimal}
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                \begin{document}$$3+1$$\end{document}$)-dimensional SHASTA algorithm \[[@CR614]--[@CR616]\] by mapping the energy, baryon number, and momenta of all particles within UrQMD onto a spatial grid. Thermal freeze-out is assumed to occur approximately on equal proper-time hyper-surfaces and performed in terms of the usual Cooper--Frye prescription \[[@CR617]\].

The diffusion of heavy quarks is described during the fluid-dynamics stage of the simulation using a Fokker--Planck description \[[@CR531], [@CR560], [@CR618]--[@CR623]\] ("Brownian motion") employing a Monte-Carlo implementation of the relativistic Langevin approach, with quark-*Q* (light-quark--heavy-quark) drag and diffusion coefficients calculated as explained in Sect. [4.3.4](#Sec46){ref-type="sec"}.[22](#Fn22){ref-type="fn"} The elastic gluon--*Q* interaction is computed using a leading-order pQCD cross section \[[@CR369]\] with a Debye screening mass of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{Dg}=g T$$\end{document}$ in the gluon propagators, which regularises the *t*-channel singularities in the matrix elements. The strong coupling constant is set to the constant value $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s=g^2/(4 \pi )=0.4$$\end{document}$.

Heavy-quark production is evaluated perturbatively on the time-dependent background by UrQMD/hybrid. A first UrQMD run is used to determine the collision coordinates of the nucleons within the nuclei according to a Glauber initial-state geometry. The corresponding space-time coordinates are saved and used in a second full UrQMD run as possible production coordinates for the heavy quarks. The initial $\documentclass[12pt]{minimal}
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                \begin{document}$$~\text {GeV}$$\end{document}$ is an ad hoc parametrisation, such that the decay-electron $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ distribution from the calculation describes the distribution measured in pp collisions at RHIC \[[@CR560], [@CR622]\]. For LHC energy, heavy-quark $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ distributions obtained from the PYTHIA event generator are used. Finally, at freeze-out temperature the heavy quarks decouple and are hadronised either via Peterson \[[@CR600]\] fragmentation or coalescence.

### Lattice-QCD embedded in viscous fluid dynamics (POWLANG) {#Sec54}

In the POWLANG framework (see Sect. [4.4.3](#Sec52){ref-type="sec"}) a set of diffusion coefficients $\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa $$\end{document}$ provided by the lattice QCD calculations and described in Sect. [4.3.5](#Sec47){ref-type="sec"} was also implemented.

The main limitation of the lattice QCD approach, providing in principle a non-perturbative result, is the absence of any information on the momentum dependence of $\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa $$\end{document}$ constant. On the contrary, in the weak-coupling pQCD calculation the longitudinal momentum broadening coefficient $\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa _\mathrm{L}(p)$$\end{document}$, although starting from a much lower value than the l-QCD one, displays a steep rise with the heavy-quark momentum, which for high enough energy makes it overshoot the lattice-QCD result, taken as constant. Experimental data on the $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\mathrm {AA}}$$\end{document}$ of D mesons and heavy-flavour decay electrons seem to favour an intermediate scenario.

### AdS/CFT calculations in a static fireball {#Sec55}

In the model of Refs. \[[@CR624], [@CR625]\], FONLL \[[@CR44]\] provides both the heavy-flavour production and the fragmentation to D and B mesons. The medium is described with a static fireball with a transverse profile $\documentclass[12pt]{minimal}
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                \begin{document}$$T(\vec {x},\,\tau )\propto \rho _{part}(\vec {x})\tau ^{-1/3}$$\end{document}$ based on the Glauber model. The energy loss of a heavy quark propagating through the plasma is then given by the AdS/CFT drag derivation, Eq. ([51](#Equ51){ref-type=""}), starting at an early thermalisation time $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _0 = 0.6$$\end{document}$ fm and continuing until $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T = T_{\mathrm{hadronisation}} = 160$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$~\text {MeV}$$\end{document}$. Path lengths are sampled through a participant transverse density distribution taking into account the nuclear diffuseness.

It is non-trivial to connect the parameters of QCD to those of the SYM theory in which the AdS/CFT derivations were performed. Two common prescriptions \[[@CR573]\] for determining the parameters in the SYM theory are to take: (i) $\documentclass[12pt]{minimal}
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                \begin{document}$$T_{SYM} = T_{QCD} / 3^{1/4}$$\end{document}$). In the first prescription, the SYM coupling is taken equal to the QCD coupling and the temperatures are equated. In the second prescription, the energy densities of QCD and SYM are equated and the coupling is fitted by comparing the static quark--antiquark force from AdS/CFT to lattice results.

Comparing with RHIC data, the pure drag energy loss is qualitatively consistent with electrons from the semi-leptonic decays of heavy mesons \[[@CR420], [@CR469]\]. In the RHIC calculation, the proportionality constant between the medium temperature and the Glauber participant density is set in such a way that, in the Stefan--Boltzmann limit, the rapidity density of gluons in the medium is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {d}N_g/\mathrm {d}y = 1000$$\end{document}$, which is similar to that required by perturbative energy-loss calculations and is not too different from the entropy one expects from the measured hadronic multiplicity \[[@CR519]\]. With that proportionality constant fixed, predictions for the suppression at LHC are performed assuming that the temperature of the medium scales with the measured hadronic multiplicity \[[@CR626]\].Table 11Comparative overview of the models for heavy-quark energy loss or transport in the medium described in the previous sectionsModelHeavy-quark productionMedium modellingQuark--medium interactionsHeavy-quark hadronisationTuning of medium coupling (or density) parameter(s)Djordjevic et al. \[[@CR511]--[@CR515]\]FONLL no PDF shadowingGlauber model nuclear overlap no fl. dyn. evolutionRad. + coll. energy loss finite magnetic massFragmentationMedium temperature fixed separately at RHIC and LHCWHDG \[[@CR459], [@CR519]\]FONLL no PDF shadowingGlauber model nuclear overlap no fl. dyn. evolutionRad. + coll. energy lossFragmentationRHIC (then scaled with $\documentclass[12pt]{minimal}
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Comparative overview of model features and comparison with data {#Sec56}
---------------------------------------------------------------

The theoretical models described in the previous sections are compared in Table [11](#Tab11){ref-type="table"} in terms of their "ingredients" for heavy-quark production, medium modelling, quark--medium interactions, and heavy-quark hadronisation.
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The comparisons with measurements of heavy-flavour decay leptons at RHIC and LHC are shown in  Figs. [68](#Fig68){ref-type="fig"} and [69](#Fig69){ref-type="fig"}, respectively. The $\documentclass[12pt]{minimal}
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In summary, the comparison of model calculations with currently available data from RHIC and LHC allows for the following considerations:the D-meson $\documentclass[12pt]{minimal}
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Heavy-flavour correlations in heavy-ion collisions: status and prospects {#Sec57}
------------------------------------------------------------------------

Angular correlations of charged hadrons proved to be key observables at RHIC and LHC energies to study energy loss and QGP properties \[[@CR629]--[@CR634]\], providing measurements that are complementary to single-particle observables like the $\documentclass[12pt]{minimal}
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Recent works \[[@CR530], [@CR539], [@CR586], [@CR610], [@CR636], [@CR637]\] have shown that the azimuthal distributions of heavy quark-antiquark pairs are sensitive to the different interaction mechanisms, collisional and radiative. The relative angular broadening of the $\documentclass[12pt]{minimal}
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The experimental challenges in measurements like D--$\documentclass[12pt]{minimal}
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                \begin{document}$$ \overline{\mathrm{D}}$$\end{document}$ correlations in heavy-ion collisions come from the reconstruction of both the hadronic decays of the back-to-back D mesons, which require large statistics to cope with low branching ratios and low signal-to-background in nucleus--nucleus collisions. As an alternative, correlations of D mesons with charged hadrons (D--h), correlations of electrons/muons from decays of heavy-flavour particles with charged hadrons ($\documentclass[12pt]{minimal}
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Heavy-flavour azimuthal correlations are being studied in d--Au collisions at RHIC and p--Pb collisions both at RHIC and at the LHC to understand how the presence of the nucleus might affect the properties of heavy-flavour pair production. The results are discussed in Sect. [3.3.2](#Sec29){ref-type="sec"}.Fig. 74Perpendicular momentum of charm quarks acquired in a QGP medium at $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {D\overline{D}}$$\end{document}$ pairs in Pb--Pb collisions at LHC without (*centre*) and with (*right*) a lower momentum cut \[[@CR530]\]

Measurements of heavy-flavour correlations in nucleus--nucleus collisions were carried out at both RHIC and LHC with $\documentclass[12pt]{minimal}
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                \begin{document}$$e$$\end{document}$--h correlations \[[@CR113], [@CR639], [@CR640]\] (where electrons come from heavy-flavour decays), but the current statistics prevents us from drawing quantitative conclusions. Such measurements are expected to provide more information as regards how the charm and beauty quarks propagate through the hot and dense medium and how this affects and modifies the correlation structures. In particular, PHENIX reported a decrease of the ratio of yields in the away-side region ($\documentclass[12pt]{minimal}
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Further measurements of heavy-flavour triggered azimuthal correlations will be promising in future data takings at both RHIC (with the new silicon tracker detectors) and LHC (with the machine and detector upgrades). As reported in Fig. [73](#Fig73){ref-type="fig"}, right, the relative uncertainty on the away-side yield in D--h correlations in central Pb--Pb collisions with the ALICE and LHC upgrades will be $\documentclass[12pt]{minimal}
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Several theoretical works have recently addressed angular correlations of heavy-flavour particles in nucleus--nucleus collisions \[[@CR530], [@CR539], [@CR586], [@CR610], [@CR636], [@CR637]\]. However, none of these approaches presently includes the interactions of D and B mesons in the hadronic phase present in the late stages of the system evolution. These interactions could add a further smearing on top of QGP-induced modification of the heavy-quark angular correlations. For the traditional $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{2}$$\end{document}$ observables, a first step in this direction was made in Refs. \[[@CR491], [@CR641], [@CR642]\], with effects found of the order of 20 % at most. We now focus on a particular model in order to illustrate the sensitivity of heavy-flavour angular correlations to the type of interaction mechanism \[[@CR530]\]. In Fig. [74](#Fig74){ref-type="fig"} (left), the transverse momentum broadening per unit of time is shown as a function of the initial momentum $\documentclass[12pt]{minimal}
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For these calculations an initial back-to-back correlation has been assumed. Next-to-leading order processes, however, destroy this strict initial correlation already in proton--proton collisions. Unfortunately the theoretical uncertainties on these initial distributions are very large, especially for charm quarks. Here, a thorough experimental study of heavy-flavour correlations in proton--proton and proton--nucleus collisions is very important for validating different initial models. Also enhanced theoretical effort in these reference systems is necessary.

Summary and outlook {#Sec58}
-------------------

The LHC Run 1 has provided a wealth of measurements of heavy-flavour production in heavy-ion collisions, which have extended and complemented the results from the RHIC programme. The main observations and their present interpretation are summarised in the following.
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                \begin{document}$$p_{\mathrm {T}} $$\end{document}$*region* (above 5--10 GeV/*c*): in this region, heavy-flavour measurements are expected to provide information mainly on the properties of in-medium energy loss.The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$/\psi $$\end{document}$ from B decays. The suppression of D mesons and heavy-flavour decay leptons is similar, within uncertainties, at RHIC and LHC energies. Given that a suppression is not observed in proton(deuteron)--nucleus collisions, the effect in nucleus--nucleus collisions can be attributed to in-medium energy loss.The suppression of D mesons with average $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} $$\end{document}$. This observation, still based on preliminary results, is consistent with the expectation of lower energy loss for heavier quarks and it is described by model calculations that implement radiative and collisional energy loss with this feature.The suppression of D mesons and pions is consistent within uncertainties at both RHIC and LHC. While there is no experimental evidence of the colour-charge dependence of the energy loss, model calculations indicate that similar $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\mathrm {AA}} $$\end{document}$ is observed for *b*-tagged jets and inclusive jets. This observation is consistent with a negligible effect of the heavy quark mass at these scales.*Low-*$\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} $$\end{document}$*region* (below 5--10 GeV/*c*): in this region, heavy-flavour measurements are expected to provide information on the total production yields (and the role of initial-state effects) and on heavy-quark in-medium dynamics (participation to collective expansion, in-medium hadronisation effects).The measurements of electrons (in particular) and D mesons at RHIC show that the total production of charm quarks is consistent with binary scaling within uncertainties of about 30--40 %. The available measurements at LHC do not extend to sufficiently small $\documentclass[12pt]{minimal}
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                \begin{document}$$v_2$$\end{document}$ measurements are best described by the models that include collisional interactions within a fluid-dynamical expanding medium, as well as hadronisation via recombination.The main open questions in light of these observations are:Does the total charm and beauty production follow binary scaling or is there a significant gluon shadowing effect? This requires a precise measurement of charm and beauty production down to zero $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} $$\end{document}$ region, at both RHIC and LHC.Is the difference in the nuclear modification factor of charm and beauty hadrons consistent with the quark mass dependent mechanisms of the energy loss? Can it provide further insight on these mechanisms (for example, the gluon radiation angular distribution)? This requires a precise measurement of D and B meson (or J/$\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} $$\end{document}$ range and as a function of collision centrality. This will also be mandatory in order to extract the precise path-length dependence of the energy loss, which cannot be extracted from the actual data.Does the positive elliptic flow observed for D mesons and heavy-flavour decay leptons result from the charm quark interactions in the expanding medium? Are charm quarks thermalised in the medium? Is there a contribution (dominant?) inherited from light quarks via the recombination process? What is the contribution from the path length dependence of the energy loss? This requires precise measurements of the elliptic flow and of the higher-order flow coefficients of charm and beauty hadrons over a wide $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$v_2$$\end{document}$ and their comparison with model calculations. Heavy-quark correlations are also regarded as a promising tool in this context.The outlook for addressing these open questions with the future experimental programmes at RHIC and LHC is discussed in Sect. [7](#Sec95){ref-type="sec"}.

From the theoretical point of view, a wide range of models, also with somewhat different "ingredients", can describe most of the available data, at least qualitatively. The main challenges in the theory sector is thus to connect the data with the fundamental properties of the QGP and of the theory of the strong interaction. For this purpose, it is important to identify the features of the quark--medium interaction that are needed for an optimal description of all aspects of the data and to reach a uniform treatment of the "external inputs" in the models (e.g. using state-of-the-art pQCD baseline, fragmentation functions and fluid-dynamical medium description, and fixing transport coefficients on those that will be ultimately obtained from lattice calculations for finite $\documentclass[12pt]{minimal}
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Quarkonia in nucleus--nucleus collisions {#Sec59}
========================================

Quarkonia are considered important probes of the QGP formed in heavy-ion collisions. In a hot and deconfined medium quarkonium production is expected to be significantly suppressed with respect to the proton--proton yield, scaled by the number of binary nucleon--nucleon collisions, as long as the total charm cross section remains unmodified.[23](#Fn23){ref-type="fn"} The origin of such a suppression, taking place in the QGP, is thought to be the colour screening of the force that binds the $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi _c$$\end{document}$ for the charmonium one. As a consequence, the in-medium dissociation probability of these states should provide an estimate of the initial temperature reached in the collisions \[[@CR645]\]. However, the prediction of a sequential suppression pattern is complicated by several factors. Feed-down decays of higher-mass resonances, and of *b*-hadrons in the case of charmonium, contribute to the observed yield of quarkonium states. Furthermore, other hot and cold matter effects can play a role, competing with the suppression mechanism.

On the one hand, the production of *c* and $\documentclass[12pt]{minimal}
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On the other hand, quarkonium production is also affected by several effects related to cold matter (the so-called cold nuclear matter effects, CNM) discussed in Sect. [3](#Sec18){ref-type="sec"}. For example, the production cross section of the $\documentclass[12pt]{minimal}
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                \begin{document}$${Q\overline{Q}}$$\end{document}$ pair is influenced by the kinematic parton distributions in nuclei, which are different from those in free protons and neutrons (the so-called nuclear PDF effects). In a similar way, approaches based on the Colour-Glass Condensate (CGC) effective theory assume that a gluon saturation effect sets in at high energies. This effect influences the quarkonium production occurring through fusion of gluons carrying small values of the Bjorken-*x* in nuclei. Furthermore, parton energy loss in the nucleus may decrease the pair momentum, causing a reduction of the quarkonium production at large longitudinal momenta. Finally, while the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s_{\mathrm{NN}}}$$\end{document}$, where, due to the decreased crossing time, resonances are expected to form outside the nuclei. Cold nuclear matter effects are investigated in proton--nucleus collisions. Since these effects are present also in nucleus--nucleus interactions, a precise knowledge of their role is crucial in order to correctly quantify the effects related to the formation of hot QCD matter.

The in-medium modification of quarkonium production, induced by either hot or cold matter mechanisms, is usually quantified through the nuclear modification factor $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\mathrm {AA}}$$\end{document}$ is expected to equal unity if nucleus--nucleus collisions behave as a superposition of nucleon--nucleon interactions. This is, e.g., the case for electroweak probes (direct $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\mathrm {AA}}$$\end{document}$ different from unity implies that the quarkonium production in AA is modified with respect to a binary nucleon--nucleon scaling. Further insight on the in-medium modification of quarkonium production can be obtained by investigating the rapidity and transverse momentum dependence of the nuclear modification factor.Fig. 75*Left* $\documentclass[12pt]{minimal}
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Studies performed for thirty years, first at the SPS ($\documentclass[12pt]{minimal}
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ATLAS and CMS are designed to measure quarkonium production by reconstructing the various states in their dimuon decay channel. They both cover the mid-rapidity region: depending on the quarkonium state under study and on the $\documentclass[12pt]{minimal}
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In Tables  [12](#Tab12){ref-type="table"}, [13](#Tab13){ref-type="table"} and [14](#Tab14){ref-type="table"}, a summary of the charmonium and bottomonium results obtained in AA collisions by the SPS, RHIC, and LHC experiments are presented, respectively.Table 14Quarkonium results obtained in AA from LHC experiments. The experiment, the probes, the collision energy ($\documentclass[12pt]{minimal}
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This section is organised as follows. In the first part, a theoretical overview is presented, in which the sequential suppression pattern of quarkonia and the lattice calculations are introduced. Other effects, such as modifications of the parton distribution functions inside nuclei and their influence on nucleus--nucleus collisions are discussed. Along with the suppression, the enhancement of quarkonia is also considered through two different approaches to (re)generation: the statistical hadronisation model and transport models. In the context of bottomonium studies, non-equilibrium effects on quarkonium suppression in the anisotropic hydrodynamic framework are also discussed. Finally, the collisional dissociation model and the comover interaction model are briefly introduced.

In the second part, experimental quarkonium results are reviewed. The recent LHC results, starting with a brief discussion on the quarkonium production cross sections in $\documentclass[12pt]{minimal}
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                \begin{document}$$\psi \text {(2S)}$$\end{document}$ production. Next, the bottomonium results on ground and excited states at RHIC and LHC energies are discussed.

Finally, other possible references for the quarkonium behaviour in nucleus--nucleus collisions, namely proton--nucleus collisions and open heavy flavour, production are discussed.

Theory overview {#Sec60}
---------------

### Sequential suppression and lattice QCD {#Sec61}

Historically, the large masses of charm and beauty quarks provide the basis for a quarkonium spectroscopy through non-relativistic potential theory, introducing a confining potential in terms of a string tension \[[@CR437]\].Table 15Mass, binding energy and radius for charmonia and bottomonia \[[@CR437]\]State$\documentclass[12pt]{minimal}
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The QGP consists of deconfined colour charges, so that the binding of a $\documentclass[12pt]{minimal}
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                \begin{document}$${Q\overline{Q}}$$\end{document}$ pair is subject to the effect of colour screening which limits the range of strong interactions. Intuitively, the fate of heavy quark bound states in a QGP depends on the size of the colour screening radius $\documentclass[12pt]{minimal}
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                \begin{document}$$r_D$$\end{document}$ (which is inversely proportional to the temperature, so that it decreases with increasing temperature) in comparison to the quarkonium binding radius $\documentclass[12pt]{minimal}
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                \begin{document}$$r_D \ll r_Q$$\end{document}$, however, the two heavy quarks cannot "see" each other any more and hence the bound state will melt. It is therefore expected that quarkonia will survive in a QGP through some range of temperatures above $\documentclass[12pt]{minimal}
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                \begin{document}$$T_c$$\end{document}$, and then dissociate once *T* becomes large enough. Recent studies have shown that the Debye-screened potential develops an imaginary part, implying a class of thermal effects that generate a finite width for the quarkonium peak in the spectral function. These results can be used to study quarkonium in a weakly coupled Quark Gluon Plasma within an Effective Field Theories (EFT) framework \[[@CR689]\]. On the other hand lattice-QCD enables ab initio study of quarkonium correlation functions in the strongly coupled regime. The sequential dissociation scenario is confirmed by all these approaches \[[@CR64]\].

In vacuum, progress in lattice calculations and effective field theories have turned quarkonium physics into a powerful tool to determine the heavy-quark masses and the strength of the QCD coupling, with an accuracy comparable to other techniques. The measurements of quarkonia in heavy-ion collisions provide quantitative inputs for the study of QCD at high density and temperature, providing an experimental basis for analytical and lattice studies to extract the in-medium properties of heavy-flavor particles and the implications for the QCD medium \[[@CR64], [@CR690]--[@CR692]\].

Finite-temperature lattice studies on quarkonium mostly consist of calculations of spectral functions for temperatures in the range explored by the experiments. The spectral function $\documentclass[12pt]{minimal}
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                \begin{document}$$\rho (\omega )$$\end{document}$ is the basic quantity encoding the equilibrium properties of a quarkonium state. It characterises the spectral distribution of binding strength as a function of energy $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega $$\end{document}$. Bound or resonance states manifest themselves as peaks with well-defined mass and spectral width. The in-medium spectral properties of quarkonia are related to phenomenology, since the masses determine the equilibrium abundances, their inelastic widths determine formation and destruction rates (or chemical equilibration times) and their elastic widths affect momentum spectra (and determine the kinetic equilibration times).

Spectral functions play an important role in understanding how elementary excitations are modified in a thermal medium. They are the power spectrum of autocorrelation functions in real time, hence provide a direct information on large time propagation. In the lattice approach such real-time evolution is not directly accessible: the theory is formulated in a four-dimensional box -- three dimensions are spatial dimensions, the fourth is the imaginary (Euclidean) time $\documentclass[12pt]{minimal}
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                \begin{document}$$N_\tau $$\end{document}$ is the extent of the time direction, and can be converted to physical units once the lattice spacing is known. The spectral functions appear now in the decomposition of a (zero-momentum) Euclidean propagator $\documentclass[12pt]{minimal}
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                \begin{document}$$K(\tau ,\omega ) = \frac{(e^{-\omega \tau } + e^{-\omega (1/T - \tau )})}{1 - e^{-\omega /T}}$$\end{document}$. The $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau $$\end{document}$ dependence of the kernel *K* reflects the periodicity of the relativistic propagator in imaginary time, as well as its *T* symmetry. The Bose--Einstein distribution, intuitively, describes the wrapping around the periodic box, which becomes increasingly important at higher temperatures.

The procedure is, then, based on the generation of an appropriate ensemble of lattice gauge fields at a temperature of choice, on the computation on such an ensemble of the Euclidean propagators $\documentclass[12pt]{minimal}
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                \begin{document}$$G(\tau )$$\end{document}$, and on the extraction of the spectral functions. All such quarkonium studies yield qualitatively the same result: a given quarkonium state melts at a temperature above, or possibly at, the phase-transition temperature. There is, however, disagreement between different calculations in the precise temperatures for the following reasons. First, experience with lattice calculations has demonstrated that it is extremely important to have results in the continuum limit, and with the proper matter content. This means that the masses of the dynamical quark fields which are used in the generation of the gauge ensembles must be as close as possible to the physical ones, and the lattice spacing should be fine enough to allow for making contact with continuum physics. These systematic effects, which have been studied in detail for bulk thermodynamics, are still under scrutiny for the spectral functions. Second, the calculation of spectral functions using Euclidean propagators as an input is a difficult, possibly ill-defined, problem. It has been mostly tackled by using the Maximum Entropy Method (MEM) \[[@CR693]\], which has proven successful in a variety of applications. Recently, an alternative Bayesian reconstruction of the spectral functions has been proposed in Refs. \[[@CR694], [@CR695]\] and applied to the analysis of configurations from the HotQCD Collaboration \[[@CR696]\].

Most calculations of charmonium spectral functions have been performed in the quenched approximation -- neglecting quark loops --, although recently the spectral functions of the charmonium states have been studied as a function of both temperature and momentum, using as input relativistic propagators with two light quarks \[[@CR697], [@CR698]\] and, more recently, including the strange quark, for temperatures ranging between 0.76 and $\documentclass[12pt]{minimal}
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                \begin{document}$$1.9\,T_c$$\end{document}$. The sequential dissolution of the peaks corresponding to the S- and P-wave states is clearly seen. The results are consistent with the expectation that charmonium melts at high temperature, however, as of today they lack quantitative precision and control over systematic errors.

The survival probability for a given quarkonium state depends on its size and binding energy (see Table [15](#Tab15){ref-type="table"} for details[26](#Fn26){ref-type="fn"}). Hence the excited states will be dissolved at a lower initial temperature than the more tightly bound ground states. However, only a fraction (about 60 %) of the observed $\documentclass[12pt]{minimal}
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                \begin{document}$$\psi \text {(2S)}$$\end{document}$ decays \[[@CR699], [@CR700]\]. A similar decay pattern arises for $\documentclass[12pt]{minimal}
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                \begin{document}$$\Upsilon $$\end{document}$ production \[[@CR200], [@CR203], [@CR207], [@CR209], [@CR441]\]. The decay processes occur far outside the produced medium, so that the medium affects only the excited states. As a result, the formation of a hot deconfined medium in nuclear collisions will produce a sequential quarkonium suppression pattern \[[@CR701]\], as illustrated in Fig. [76](#Fig76){ref-type="fig"}. Increasing the energy density of the QGP above deconfinement first leads to $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ disintegrate. For the bottomonium states, a similar pattern holds \[[@CR702]--[@CR705]\].Fig. 76Sequential quarkonium suppression for $\documentclass[12pt]{minimal}
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                \begin{document}$$\Upsilon \text {(1S)}$$\end{document}$ (*right*) states \[[@CR701]\]

### Effect of nuclear PDFs on quarkonium production in nucleus--nucleus collisions {#Sec62}

The predictions for quarkonium suppression in AA collisions, considering only modifications of the parton densities in the nucleus, the so-called nuclear PDFs, are described in this subsection. There are other possible cold matter effects on quarkonium production in matter in addition to shadowing: break-up of the quarkonium state due to inelastic interactions with nucleons (absorption) or produced hadrons (comovers) and energy loss in cold matter, as discussed in Sect. [3](#Sec18){ref-type="sec"}. The mid-rapidity quarkonium absorption cross section for break-up by nucleon interactions decreases with centre-of-mass energy \[[@CR399], [@CR408]\], becoming negligible at LHC energies. In addition, cold matter suppression due to energy loss does not have a strong rapidity dependence. Thus, shadowing is expected to be the dominant cold matter effect in what concerns the modification of the shape of the quarkonium rapidity distribution. It will also produce a relatively small effect on the shape of the quarkonium $\documentclass[12pt]{minimal}
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                \begin{document}$$\Upsilon $$\end{document}$ (*lower*) production, calculated in the CEM model using the EPS09 modifications \[[@CR364]\], is shown for Pb--Pb collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ (*right*) \[[@CR363]\]. The *dashed red histogram* shows the EPS09 NLO uncertainties. The *blue curves* show the LO modification and the corresponding uncertainty band as a function of rapidity onlyFig. 78$\documentclass[12pt]{minimal}
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Figure [77](#Fig77){ref-type="fig"} shows the results for the dependence of shadowing on rapidity, transverse momentum, and centrality are shown for $\documentclass[12pt]{minimal}
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The CEM calculation was described in Sect. [3](#Sec18){ref-type="sec"}. Here only a few pertinent points are repeated. In the CEM, the quarkonium production cross section in $\documentclass[12pt]{minimal}
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However, the leading-order colour single model calculation (LO CSM) of $\documentclass[12pt]{minimal}
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In this approach, one can use the partonic differential cross section computed from any $\documentclass[12pt]{minimal}
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The spatial dependence of the nPDF has been included in this approach through a probabilistic Glauber Monte-Carlo framework, JIN \[[@CR373]\], assuming an inhomogeneous shadowing proportional to the local density \[[@CR370], [@CR371]\]. Results are shown in Fig. [79](#Fig79){ref-type="fig"}.

### Statistical (re)generation models {#Sec63}

Over the past 20 years thorough evidence has been gathered that production of hadrons with *u*, *d*, *s*-valence quarks in heavy-ion collisions can be described using a statistical model reflecting a hadro-chemical equilibrium approach \[[@CR648], [@CR708]\]. Hadron yields from top AGS energy ($\documentclass[12pt]{minimal}
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                \begin{document}$$(159\pm 2)~\text {MeV} $$\end{document}$ close to top SPS energy, while the baryo-chemical potential drops smoothly and reaches a value compatible with zero at LHC energies. In the energy range where *T* saturates, it has been found to coincide with the (quasi-)critical temperature found in lattice QCD.

Deconfinement of quarks is expected in a QGP and for heavy quarks, in particular, this has been formulated via modification of the heavy quark potential in a process analogous to Debye screening in QED \[[@CR644]\] (see Sect. [5.1.1](#Sec61){ref-type="sec"}). Heavy quarks are not expected to be produced thermally but rather in initial hard-scattering processes. Even at top LHC energy thermal production is only a correction at maximally the 10 % level \[[@CR709]\]. Therefore a scenario was proposed, in which charm quarks, formed in a high energy nuclear collision in initial hard scattering, find themselves colour-screened, therefore deconfined in a QGP, and hadronise with light quarks and gluons at the phase boundary \[[@CR647], [@CR710], [@CR711]\]. At hadronisation open charm hadrons as well as charmonia are formed according to their statistical weights and the mass spectrum of charmed hadrons.
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                \begin{document}$$g_c^2$$\end{document}$ since they are formed from a charm and an anticharm quark. A logical consequence of this is that at energies below LHC energy, where the charm yield is small, charmonium production is suppressed in comparison to scaled pp collisions, while for LHC energies, the charm yield is larger and the charmonium yield is enhanced \[[@CR647], [@CR710], [@CR711]\].
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As it will be discussed in Sect. [5.2.2](#Sec71){ref-type="sec"}, the statistical model reproduces the significant increase observed, for central collisions, in the $\documentclass[12pt]{minimal}
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The statistical hadronisation picture, and therefore the increase in $\documentclass[12pt]{minimal}
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Another characteristic feature of the statistical hadronisation model is an excited state population driven by Boltzmann factors at the hadronisation temperature. So far the only successful test of this prediction is the $\documentclass[12pt]{minimal}
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### Transport approach for in-medium quarkonia {#Sec64}

In the transport models, there is continuous dissociation and (re)generation of quarkonia over the entire lifetime of the deconfined stage. The space-time evolution of the phase-space distribution, $\documentclass[12pt]{minimal}
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The reaction rate can be calculated from inelastic scattering amplitudes of quarkonia on the constituents of the medium (light quarks and gluons, or light hadrons). The relevant processes depend on the (in-medium) properties of the bound state \[[@CR717]\]. In the QGP, for a tightly bound state (binding energy $\documentclass[12pt]{minimal}
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                \begin{document}$$p=q,\overline{q},g$$\end{document}$), the dominant process \[[@CR717]\], cf. Fig. [80](#Fig80){ref-type="fig"} (left). Gluo-dissociation and inelastic parton scattering-dissociation of quarkonia have also been studied within an EFT approach \[[@CR719]\].

The equilibrium number densities are simply those of *Q* quarks (with spin-colour and particle-antiparticle degeneracy $\documentclass[12pt]{minimal}
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The quarkonium equilibrium number is given by:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} N_\mathcal{Q}^\mathrm{eq}= & {} V_{\mathrm {FB}} \sum \limits _\mathcal{Q} n_\mathcal{Q}^\mathrm{eq}(m_\mathcal{Q};T,\gamma _Q)\nonumber \\= & {} V_{\mathrm {FB}} \ \sum \limits _\mathcal{Q} d_\mathcal{Q} \ \gamma _Q^2 \int \frac{d^3p}{(2\pi )^3} f_\mathcal{Q}^B(E_p;T) \ \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$V_\mathrm{FB}$$\end{document}$ refers to the fireball volume, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$d_\mathcal{Q}$$\end{document}$ is the spin degeneracy and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_\mathcal{Q}^B$$\end{document}$ corresponds to the Bose distribution.

The open heavy-flavour (HF) number, $\documentclass[12pt]{minimal}
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                \begin{document}$$/\psi $$\end{document}$ binding energy (*left panel*) and charm-quark mass (*right panel*) in the QGP in the strong- and weak-binding scenarios \[*solid* (*V*=*U*) and *dashed lines* (*V*=*F*), respectively\] as implemented into the rate equation approach \[[@CR723]\]

Assuming relative chemical equilibrium between all available states containing heavy-flavoured quarks at a given temperature and volume of the system, the number of $\documentclass[12pt]{minimal}
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                \begin{document}$${Q\overline{Q}}$$\end{document}$ pairs in the fireball -- usually determined by the initial hard production -- is matched to the equilibrium numbers of HF states, using a fugacity factor $\documentclass[12pt]{minimal}
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The quarkonium equilibrium limit is thus coupled to the open HF spectrum in medium; e.g., a smaller *c*-quark mass increases the *c*-quark density, which decreases $\documentclass[12pt]{minimal}
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                \begin{document}$$c^2$$\end{document}$, cf. Fig. [80](#Fig80){ref-type="fig"} (right).

In practice, further corrections to $\documentclass[12pt]{minimal}
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                \begin{document}$$N_\mathcal{Q}^\mathrm{eq}$$\end{document}$ are needed for more realistic applications in heavy-ion collisions. First, heavy quarks cannot be expected to be thermalised throughout the course of a heavy-ion collision; harder heavy-quark (HQ) momentum distributions imply reduced phase-space overlap for quarkonium production, thus suppressing the gain term. In the rate equation approach this has been implemented through a relaxation factor $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _Q^\mathrm{therm}$$\end{document}$ represents the kinetic relaxation time of the HQ distributions \[[@CR715], [@CR720]\]. This approximation has been quantitatively verified in Ref. \[[@CR721]\]. Second, since HQ pairs are produced in essentially point-like hard collisions, they do not necessarily explore the full volume in the fireball. This has been accounted for by introducing a correlation volume in the argument of the Bessel functions, in analogy to strangeness production at lower energies \[[@CR722]\].

An important aspect of this transport approach is a controlled implementation of in-medium properties of the quarkonia \[[@CR715], [@CR723]\]. Colour-screening of the QCD potential reduces the quarkonium binding energies, which, together with the in-medium HQ mass, $\documentclass[12pt]{minimal}
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                \begin{document}$$\Gamma _\mathcal{Q}(T)$$\end{document}$. To constrain these properties, pertinent spectral functions have been used to compute Euclidean correlators for charmonia, and required to approximately agree with results from lattice QCD \[[@CR723]\]. Two basic scenarios have been put forward for tests against charmonium data at the SPS and RHIC: a strong-binding scenario (SBS), where the J$\documentclass[12pt]{minimal}
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                \begin{document}$$T_c$$\end{document}$, and a weak-binding scenario (WBS) with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T_\mathrm{diss}\simeq 1.2\,T_c$$\end{document}$, cf. Fig. [81](#Fig81){ref-type="fig"}. These scenarios are motivated by microscopic *T*-matrix calculations \[[@CR558]\] where the HQ internal ($\documentclass[12pt]{minimal}
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                \begin{document}$$F_{{Q\overline{Q}}}$$\end{document}$) have been used as potential, respectively. A more rigorous definition of the HQ potential, and a more direct implementation of the quarkonium properties from the *T*-matrix approach is warranted for future work. The effects of the hadronic phase are generally small for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ and bottomonia, but important for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\psi \text {(2S)}$$\end{document}$, especially, if its direct decay channel $\documentclass[12pt]{minimal}
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                \begin{document}$$\psi \text {(2S)} \rightarrow \overline{\mathrm{D}}\mathrm{D}$$\end{document}$ is opened (due to reduced masses and/or finite widths of the D mesons) \[[@CR715], [@CR720]\].

The rate equation approach has been extended to compute $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ spectra of charmonia in heavy-ion collisions \[[@CR654]\]. Toward this end, the loss term was solved with a three-momentum dependent dissociation rate and a spatial dependence of the charmonium distribution function, while for the gain term blast-wave distributions at the phase transition were assumed (this should be improved in the future by an explicit evaluation of the gain term from the Boltzmann equation using realistic time-evolving HQ distributions; see Ref. \[[@CR724]\] for initial studies) \[[@CR725]\]. In addition, formation time effects are included, which affect quarkonium suppression at high $\documentclass[12pt]{minimal}
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To close the quarkonium rate equations, several input quantities are required which are generally taken from experimental data in $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm pp$$\end{document}$ and p--A collisions, e.g., quarkonia and HQ production cross sections (with shadowing corrections), and primordial nuclear absorption effects encoded in phenomenological absorption cross sections. Feed-down effects from excited quarkonia (and *b*-hadron decays into charmonium) are accounted for. The space-time evolution of the medium is constructed using an isotropically expanding fireball model reproducing the measured hadron yields and their $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ spectra. The fireball resembles the basic features of hydrodynamic models \[[@CR727]\], but an explicit use of the latter is desirable for future purposes.

Two main model parameters have been utilised to calibrate the rate equation approach for charmonia using the centrality dependence of inclusive $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$, controlling the inelastic reaction rate, and the *c*-quark relaxation time affecting the gain term through the amended charmonium equilibrium limit. With $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _c^{\text {therm}}$$\end{document}$ obtained in the SBS is in the range of values calculated microscopically from the *T*-matrix approach using the *U*-potential \[[@CR558]\], while for the WBS it is much smaller than calculated from the *T*-matrix using the *F*-potential. Thus, from a theoretical point of view, the SBS is the preferred scenario.

With this set-up, namely the TAMU transport model, quantitative predictions for Pb--Pb collisions at the LHC ($\documentclass[12pt]{minimal}
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Similar results are obtained in the transport approach THU developed by the Tsinghua group \[[@CR730], [@CR731]\], which differs in details of the implementation, but overall asserts the robustness of the conclusions. In the THU model, the quarkonium distribution is also governed by the Boltzmann-type transport equation. The cold nuclear matter effects change the initial quarkonium distribution and heavy quark distribution at $\documentclass[12pt]{minimal}
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Within this approach, the centrality dependence of the nuclear modification factor $\documentclass[12pt]{minimal}
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The charmonium transverse momentum distribution contains more dynamic information on the hot medium and can be calculated within the transport approach. The regeneration occurs in the fireball, and therefore the thermally produced charmonia are mainly distributed at low $\documentclass[12pt]{minimal}
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### Non-equilibrium effects on quarkonium suppression {#Sec65}

Since heavy quarkonium states have a short formation time in their rest frame ($\documentclass[12pt]{minimal}
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                \begin{document}$$\text {fm}/c$$\end{document}$. In addition, the momentum-space anisotropy grows larger as one approaches the transverse edge of the QGP, where the system is colder. The existence of such momentum-space anisotropies is consistent with first- and second-order viscous hydrodynamics; however, since these approaches rely on linearisation around an isotropic background, it is not clear that these methods can be applied in a far-from-equilibrium situation. In order to address this issue, a non-perturbative framework, called anisotropic hydrodynamics (aHYDRO), has been developed. This framework allows the system to be arbitrarily anisotropic \[[@CR738]--[@CR741]\].

The time-evolution provided by aHYDRO has to be folded together with the non-equilibrium (anisotropic) quarkonium rates. These were first considered in Refs. \[[@CR742]--[@CR746]\] where the effect of momentum-space anisotropy was included for both the real and imaginary parts of potential. In this context, the imaginary part of the potential plays the most important role, as it sets the in-medium decay rate of heavy quarkonium states. The calculations of the resulting decay rates in Ref. \[[@CR746]\] demonstrated that these in-medium decay rates were large with the corresponding lifetime of the states being on the order of $\documentclass[12pt]{minimal}
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### Collisional dissociation of quarkonia from final-state interactions {#Sec66}

The model described in Sect. [4.3.3](#Sec45){ref-type="sec"} can also be modified to describe the dissociation dynamics of quarkonia in the QGP. The model includes both initial-state cold nuclear matter energy-loss and final-state effects, such as radiative energy loss for the colour-octet state and collisional dissociation for quarkonia, as they traverse the created hot medium. The main differences with respect to the formalism discussed in Sect. [4.3.3](#Sec45){ref-type="sec"} are (a) that once a high-$\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\mathrm {AA}}$$\end{document}$ results, obtained by the CMS experiment, the model is consistent with the observations for the peripheral events, but underestimates the suppression for the most central events, suggesting that thermalisation effects on the wave functions may be substantial.

### Comover models {#Sec67}

The comover interaction model (CIM) was originally developed in the 1990s in order to explain both the suppression of charmonium yields and the strangeness enhancement in nucleus--nucleus collisions at the SPS \[[@CR751]--[@CR753]\]. It includes the initial-state nuclear effects, the so-called nuclear shadowing. It takes into account the quarkonium dissociation due to interactions with the comoving medium and the recombination of $\documentclass[12pt]{minimal}
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Assuming a dilution in time of the densities due to longitudinal motion, which leads to a $\documentclass[12pt]{minimal}
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### Summary of theoretical models for experimental comparison {#Sec68}

Different theoretical models are available for comparison. Among them, the statistical hadronisation model, the transport model, the collisional dissociation model, and the comover model will be compared to charmonium experimental results in the next section. Their principal characteristics can be summarised as follows.

In the statistical hadronisation model, the charm (beauty) quarks and antiquarks, produced in initial hard collisions, thermalise in a QGP and form hadrons at chemical freeze-out. It is assumed that no quarkonium state survives in the deconfined state (full suppression) and, as a consequence, also CNM effects are not included in this model. An important aspect in this scenario is the canonical suppression of open charm or beauty hadrons, which determines the centrality dependence of production yields in this model. The overall magnitude is determined by the input charm (beauty) production cross section.

Kinetic (re)combination of heavy quarks and antiquarks in a QGP provides an alternative quarkonium production mechanism. In transport models, there is continuous dissociation and (re)generation of quarkonia over the entire lifetime of the deconfined state. A hydrodynamical-like expansion of the fireball of deconfined matter, constrained by data, is part of such models, alongside an implementation of the screening mechanism with inputs from lattice QCD. Other important ingredients are parton-level cross sections. Cold nuclear matter effects are incorporated by means of an overall effective absorption cross section that accounts for (anti-)shadowing, nuclear absorption, and Cronin effects.

The collisional dissociation model considers, in addition to modifications of the binding potential by the QGP and cold nuclear matter effects, radiative energy loss of the colour octet quarkonium precursor and collisional dissociation processes inside the QGP.

Similarly, the comover interaction model includes dissociation of quarkonia by interactions with the comoving medium of hadronic and partonic origin. Regeneration reactions are also included. Their magnitude is determined by the production cross section of $\documentclass[12pt]{minimal}
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                \begin{document}$${c\overline{c}}$$\end{document}$ pairs and quarkonium states. Cold nuclear matter effects are taken into account by means of (anti-)shadowing models.

Summarising:Statistical hadronisation assumes full suppression of primordial quarkonia and regeneration at the phase boundary.Transport models include cold nuclear absorption, direct suppression, and regeneration.Collisional dissociation models include initial-state cold nuclear matter effects and final-state effects based on radiative energy loss and collisional dissociation.Comover models include shadowing, interaction with comoving medium, and regeneration.In transport and comover models, at LHC energies, a large fraction of $\documentclass[12pt]{minimal}
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In order to compare with experimental data on bottomonium, also the hydrodynamical formalism assuming finite local momentum-space anisotropy due to finite shear viscosity will be considered. The main ingredients are: a screened potential, an hydrodynamical-like evolution of the QGP, and feed-down from higher-mass states. Neither cold nuclear matter effects nor recombination are included.

Experimental overview of quarkonium results at RHIC and LHC {#Sec69}
-----------------------------------------------------------
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A unique feature of RHIC is the possibility of accelerating various symmetric or asymmetric ion species, allowing for the study of charmonium suppression as a function of the system size. Furthermore, since at RHIC it is possible to collect data at various $\documentclass[12pt]{minimal}
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The PHENIX Collaboration measured $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ production from asymmetric Cu--Au heavy-ion collisions at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s_{\mathrm{NN}}}$$\end{document}$ = 200 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$~\text {GeV}$$\end{document}$ at both forward (Cu-going direction) and backward (Au-going direction) rapidities \[[@CR672]\]. The nuclear modification of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ yields in Cu--Au collisions in the Au-going direction is found to be comparable to that in Au--Au collisions when plotted as a function of the number of participating nucleons, as shown in Fig. [92](#Fig92){ref-type="fig"} (left). In the Cu-going direction, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ production shows a stronger suppression. This difference is comparable to expectation from nPDF effects due to stronger low-*x* gluon suppression in the larger Au nucleus.

Moreover, the PHENIX Collaboration measured nuclear modification factors also by varying the collision energies, studying Au--Au data at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s_{\mathrm{NN}}}$$\end{document}$ = 39 and 62.4$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$~\text {GeV}$$\end{document}$  \[[@CR674]\]. The observed suppression patterns follow a trend very similar to those previously measured at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s_{\mathrm{NN}}}$$\end{document}$ = 200$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$~\text {GeV}$$\end{document}$, as shown in Fig. [92](#Fig92){ref-type="fig"} (right). Similar conclusions can be drawn also from preliminary STAR results \[[@CR678]\].

In spite of the large uncertainties associated to these results, up to now, this similarity presents a challenge to theoretical models that contain competing hot and cold matter effects with possibly different energy dependencies. For example, in the TAMU transport model \[[@CR720]\], the larger $\documentclass[12pt]{minimal}
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### Excited charmonium states {#Sec75}

The measurement of excited charmonium states in heavy-ion collisions is experimentally challenging. The $\documentclass[12pt]{minimal}
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A clear difference between the centrality integrated double ratios in the two kinematic regions is found. At forward rapidity and low $\documentclass[12pt]{minimal}
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The simultaneous description of ALICE and CMS data provides a real challenge for the models so successful in reproducing the mid-rapidity data. As shown in Figs. [96](#Fig96){ref-type="fig"} and [97](#Fig97){ref-type="fig"}, they completely fail to predict the rapidity dependence of $\documentclass[12pt]{minimal}
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The picture may be complicated further by the observed multiplicity dependence of the $\documentclass[12pt]{minimal}
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Alternative references for quarkonium production in nucleus--nucleus collisions {#Sec77}
-------------------------------------------------------------------------------

### Proton--nucleus collisions {#Sec78}

As discussed in Sect. [3](#Sec18){ref-type="sec"}, proton--nucleus data can provide information on CNM effects on quarkonium production. Since these mechanisms are present also in AA collisions, their precise evaluation is mandatory to correctly quantify the hot matter effects. However, the extrapolation of CNM effects evaluated in p--A to AA collisions is model dependent and it has to rely on assumptions as those discussed in detail in Sect. [3.4](#Sec31){ref-type="sec"}.

The ALICE Collaboration investigated the role of CNM effects on the $\documentclass[12pt]{minimal}
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### Open heavy flavour {#Sec79}

To study the effect of a deconfined medium on quarkonium production, we first recall the underlying dynamics, using the $\documentclass[12pt]{minimal}
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A direct comparison of measured open and closed heavy-flavour cross sections has not been performed yet at RHIC or the LHC. However, one can compare the measured nuclear modification factors of D mesons (or heavy-flavour decay electrons as their proxy) and $\documentclass[12pt]{minimal}
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Summary and outlook {#Sec80}
-------------------

With the LHC Run 1 a large wealth of quarkonium measurements has enriched and complemented the observations from SPS and RHIC experiments. The main results and their current interpretation are summarised in the following.In the charmonium sector, the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$, provide a fair description of the experimental data. On the contrary, calculations including only shadowing effects cannot account for the observed suppression. Note, however, that coherent energy-loss effects in cold nuclear matter are able to reproduce the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Upsilon \text {(3S)}$$\end{document}$ was measured. Results indicate a clear ordering with binding energy, as expected in the sequential melting scenario.Even if a qualitative understanding of the quarkonium behaviour at LHC energies is nowadays rather well assessed, there are still several aspects which are required to be further studied:In order to quantify the hot matter effects on quarkonium production, a precise knowledge of the cold nuclear matter effects is required. Accurate quarkonium measurements in p--A collisions are, therefore, mandatory to refine the interpretation of the AA results.Theoretical calculations are, as of today, still affected by large uncertainties, mainly due to the uncertainties on the cold nuclear matter effects and, for models including a (re)generation component, also on the uncertainties on the $\documentclass[12pt]{minimal}
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                \begin{document}$$\psi \text {(2S)}$$\end{document}$ in the LHC Run 1. Given the observed dependence on rapidity and transverse momentum, the interpretation of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\psi \text {(2S)}$$\end{document}$ behaviour will clearly gain from a more differential study feasible with larger data sample.Similarly, also bottomonia will benefit from multi-differential studies to assess the kinematic dependence of all the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Upsilon $$\end{document}$ states.Finally, the availability of charmonium and bottomonium results spanning almost three orders of magnitude in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s_{\mathrm{NN}}}$$\end{document}$ and covering very different kinematic regions represents clearly a challenge for all theoretical models, which should now move towards a consistent description of quarkonium data.The incoming LHC Run 2 data are expected to shed more light, moving from a qualitative understanding of the quarkonium fate in a hot medium towards a more quantitative one.

Quarkonium photoproduction in nucleus--nucleus collisions {#Sec81}
=========================================================

In 2011, the LHC produced collisions of lead ions at a centre-of-mass energy per nucleon pair $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s_\mathrm{NN}} = 2.76$$\end{document}$ TeV. These collisions have been used to perform different measurements of charmonium photonuclear production.[28](#Fn28){ref-type="fn"} All but one of the studies described in this section have been carried out using ultra-peripheral collisions (UPC). These are interactions where the impact parameter exceeds the sum of the radii of the colliding nuclei. In such collisions, the cross section for hadronic processes is strongly suppressed, while the cross section for electromagnetic interactions remains large. The analysis not related to UPC has investigated the photoproduction of $\documentclass[12pt]{minimal}
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Two types of photonuclear production of charmonium have been studied: coherent and incoherent. In the first case, the incoming quasi-real photon interacts coherently with the whole nucleus to produce the charmonium. The coherence condition, both in the emission of the photon and in the interaction with the nuclear target, constrains the transverse momentum of the produced vector meson to be of the order of the inverse of the nucleus diameter, which translates into approximately 60 MeV/*c*. In the incoherent case, the quasi-real photon couples only to one nucleon, and thus the transverse momentum of the produced vector meson is constrained by the size of the nucleon, which translates into approximately 300 MeV/*c*. In a fraction of the coherent interactions and in all incoherent processes, one or a few neutrons are produced at the rapidity of the incoming beams. The experimental signature of these processes is therefore a vector meson with fairly small transverse momentum, possibly one or a few neutrons detected at zero degrees, and nothing else in the detector.Fig. 99Flux of photons emitted by one nucleus for positive and negative values of the rapidity *y* for the case of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ coherent photoproduction and an energy of the lead-ion beam of 2.76 GeV per nucleon. Positive rapidities correspond to the direction of the lead ion. The *left panel* shows the UPC case given by Eq. ([64](#Equ64){ref-type=""}), while the *right panel* shows the integration of Eq. ([63](#Equ63){ref-type=""}) for the impact parameters corresponding to the 70--90 % centrality class in hadronic Pb--Pb collisions

In this section, we review these measurements and discuss the models proposed to describe them. Previous reviews addressing these subjects can be found in \[[@CR765]--[@CR768]\]. This section is organised as follows. First, in Sect. [6.1](#Sec82){ref-type="sec"} we discuss the origin and characteristics of the photon flux at the LHC. Section [6.2](#Sec83){ref-type="sec"} describes previous results from RHIC and the existing measurements from LHC. Section [6.3](#Sec89){ref-type="sec"} presents the current theoretical models and the main differences among them. Section [6.4](#Sec93){ref-type="sec"} discusses how the models compare to the experimental results. We conclude in Sect. [6.5](#Sec94){ref-type="sec"} with a brief summary of the lessons learnt and with an outlook of what could be possible with the data from the LHC Run 2.

The flux of photons from lead ions at the LHC {#Sec82}
---------------------------------------------

The lead beams in the LHC are an intense source of photons, because the electromagnetic field of charged particles accelerated to ultra-relativistic velocities can be seen as a flux of quasi-real photons, according to a proposal made by Fermi \[[@CR769], [@CR770]\], and later refined by Weizsäcker \[[@CR771]\] and Williams \[[@CR772]\]. In this section we discuss the emission of photons from one nucleus. Next section discusses the cross section taking into account the contribution from both nuclei participating in the collision.

The photons are emitted by the nucleus coherently and thus their virtuality is restricted to be of the order of the inverse of the nucleus diameter, which for lead implies an upper limit for the virtuality around 30 MeV/*c*; i.e., the photons can be considered as quasi-real. The intensity of the flux depends on the square of the electric charge of the incoming particle, so it is large for the lead nuclei at the LHC. In the semi-classical description (see for example \[[@CR766]\]) the photon flux per unit area is given by$$\documentclass[12pt]{minimal}
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The measurements of ultra-peripheral collisions described in the next sections were obtained requiring the absence of a hadronic collision between the incoming nuclei. This requirement is implemented into the computation of the photon flux in two different ways. The simpler option is to integrate Eq. ([63](#Equ63){ref-type=""}) starting from a minimum impact parameter $\documentclass[12pt]{minimal}
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Another option is to convolute the flux per unit area with the probability of no hadronic interaction, which is obtained using the nuclear overlap function and the total nucleon--nucleon interaction cross section and averaging the flux over the target nucleus (for further details see \[[@CR773]\]). The resulting integral can be calculated numerically to obtain the photon flux *n*(*k*).

All the measurements described below are elastic in the sense that the measurement of the charmonium fixes completely the kinematics of the process. In this case the energy of the photon can be expressed in terms of the mass *M* of the charmonium and its rapidity *y* as$$\documentclass[12pt]{minimal}
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Figure [99](#Fig99){ref-type="fig"} shows the flux of quasi-real photons with the energy required to produce a $\documentclass[12pt]{minimal}
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                \begin{document}$$y\approx -6.8$$\end{document}$; see e.g. Eq. ([68](#Equ68){ref-type=""}). The left panel shows the UPC case, computed with Eq. ([64](#Equ64){ref-type=""}): as the rapidity increases the flux decreases. At large rapidities the fast decrease of the flux is related to the behaviour of the Bessel functions. The right panel shows the integration of Eq. ([63](#Equ63){ref-type=""}) for the impact parameters corresponding to the 70--90 % centrality class in hadronic Pb--Pb collisions according to \[[@CR774]\]. This case is discussed in Sect. [6.2.5](#Sec88){ref-type="sec"}.

Measurements of photonuclear production of charmonium during the Run 1 at the LHC {#Sec83}
---------------------------------------------------------------------------------

In both coherent and incoherent photonuclear production of charmonium the target is not broken by the interaction and in this sense the processes may be considered elastic. Therefore, the measurement of the produced charmonium completely fixes the kinematics.

As mentioned above, the experimental signature for these processes in UPC consists then in the decay products of a charmonium with fairly small transverse momentum and in some cases one or a few neutrons at zero degrees. No other event activity is measured in the detector. Figure [100](#Fig100){ref-type="fig"} shows two event displays of the coherent photonuclear production of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\psi \text {(2S)} $$\end{document}$ in UPC as measured with the CMS and ALICE detectors.Table 17Summary of published measurements of photonuclear production of charmonium in Pb--Pb UPC at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s_\mathrm{NN}} = 2.76$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {TeV}$$\end{document}$ at the LHC (the preliminary results on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ from CMS \[[@CR781]\] and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\psi \text {(2S)}$$\end{document}$ from ALICE \[[@CR786]\] are not included)ExperimentVector mesond$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma /$$\end{document}$d*y* (mb)Rapidity rangeReferencesALICECoherent $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {J}/\psi $$\end{document}$1.00 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\pm $$\end{document}$ 0.18(stat) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^{+0.24}_{-0.26}$$\end{document}$ (syst)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$-3.6<y<-2.6$$\end{document}$\[[@CR780]\]ALICECoherent $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {J}/\psi $$\end{document}$2.38 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^{+0.34}_{-0.24}$$\end{document}$ (stat $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$+$$\end{document}$ syst)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|y|<0.9$$\end{document}$\[[@CR779]\]ALICEIncoherent $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {J}/\psi $$\end{document}$0.98 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^{+0.19}_{-0.17}$$\end{document}$ (stat $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$+$$\end{document}$ syst)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|y|<0.9$$\end{document}$\[[@CR779]\]

The cross section for these photonuclear processes in Pb--Pb collisions, with the charmonium measured at rapidity *y*, has two contributions:$$\documentclass[12pt]{minimal}
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As mentioned before, the measurement of the charmonium fixes the kinematics. The centre of mass energy of the $\documentclass[12pt]{minimal}
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The first measurement of photonuclear production of charmonium in UPC of relativistic heavy ions was performed by the PHENIX Collaboration using Au--Au collisions at $\documentclass[12pt]{minimal}
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### Coherent production of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ in Pb--Pb UPC at the LHC {#Sec85}

The coherent photonuclear production of $\documentclass[12pt]{minimal}
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The ALICE detector \[[@CR782]\] measures charmonium either in the central barrel using a combination of silicon trackers (ITS), a time projection chamber (TPC) and a time of flight system (TOF); or in the forward part where a muon spectrometer is installed. In addition to requiring the decay products of the charmonium to be either in the central barrel or in the muon spectrometer, the exclusivity condition is realised vetoing activity in a set of two scintillator arrays (VZERO) which cover 4 units of rapidity in the forward/backward region, while the absence of neutrons at zero degrees or the measurements of one or few of them is performed with zero-degree calorimeters (ZDC) located 116 m away and on both sides of the interaction point.
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The central barrel of the CMS detector \[[@CR783]\] contains a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter and a brass/scintillator hadron calorimeter; all of them within a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Muons are measured within pseudo-rapidity $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |< 2.4$$\end{document}$ by gas-ionisation detectors embedded in the steel return yoke outside the solenoid. The UPC trigger used by CMS requires (i) the presence of at least one muon candidate with a minimal transverse-momentum threshold, (ii) at least one track in the pixel detector, (iii) rejection of events with activity in the scintillator counters covering the pseudo-rapidity range between 3.9 and 4.4 on both sides of the interaction point and (iv) energy deposit consistent with at least one neutron in either of the ZDCs. This last requirement is similar to what was done by PHENIX and triggers only on a fraction of the cross section. To obtain the total coherent cross section, models of neutron emission in coherent production were used \[[@CR773], [@CR784]\]. Note that the CMS result is not corrected for feed-down from $\documentclass[12pt]{minimal}
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### Incoherent production of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ in Pb--Pb UPC at the LHC {#Sec87}

ALICE has also measured the incoherent production of $\documentclass[12pt]{minimal}
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### Coherent photonuclear production of $\documentclass[12pt]{minimal}
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When studying the inclusive distribution of transverse momentum of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ in coincidence with a hadronic interaction. Although the possibility of such a process has been discussed in the past \[[@CR791]\], currently there is no theoretical calculation available for this process. Such a calculation is a challenge for theorists. Note that an excess is also observed, with reduced significance, in the centrality bin 50--70 % and that there is a framework in place to extract the photonuclear coherent cross section in these cases \[[@CR792]\].

Models for photonuclear production of charmonium {#Sec89}
------------------------------------------------

The following models will be discussed in this section:AB-AN: Model by Adeluyi and Bertulani  \[[@CR785]\] and Adeluyi and Nguyen \[[@CR793]\].CSS: Model by Cisek, Schäfer and Szczurek  \[[@CR794]\].KN: Model by Klein and Nystrand implemented in the STARLIGHT Monte Carlo program  \[[@CR773], [@CR776], [@CR795]\].LM: Model by Lappi and Mantysaari  \[[@CR796], [@CR797]\].GM-GDGM: Model by Goncalves and Machado  \[[@CR798]\] and by Gay-Ducati, Griep and Machado  \[[@CR799]\].RSZ: Model by Rebyakova, Strikman, and Zhalov  \[[@CR800]\].All models start from Eq. ([67](#Equ67){ref-type=""}) which has two ingredients: the photon flux and the photonuclear cross section. The first difference among the models is that some of them (CSS, LM, GM-GDGM) use the hard-sphere approximation of the photon flux; i.e., Eq. ([64](#Equ64){ref-type=""}), and other models (AB-AN, KN, RSZ-GZ) integrate the convolution of Eq. ([63](#Equ63){ref-type=""}) with the probability of no hadronic interaction.

Regarding the photonuclear cross section the models contain the following ingredients: (i) an assumption on the nuclear distribution in the transverse plane, (ii) an implicit or explicit prescription for the wave function of the vector meson and finally (iii) all models fix some of the parameters using data on exclusive photoproduction of charmonium off the proton and thus have to include a prescription to link the photoproduction off protons with the photonuclear interaction. In this context the models can be grouped in three different classes: models based on the generalised vector dominance model (KN), on LO pQCD (AB-AN, RSZ) and on the colour dipole model (CSS, LM, GM-GDGM).

### Models based on vector dominance {#Sec90}

The only model in this class is KN. There are three main ingredients in this model: (i) the vector dominance model (VDM) relates both the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {p+V}\rightarrow \mathrm {p+V}$$\end{document}$ respectively (Here *V* represents a vector meson.); (ii) the optical theorem relates these last processes to the total cross section; (iii) a classical Glauber model relates the total production cross section off a proton, to that off a nucleus.
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### Models based on LO pQCD {#Sec91}

These models start from Eq. ([70](#Equ70){ref-type=""}) and use the LO pQCD calculation \[[@CR801], [@CR802]\] for the forward cross section$$\documentclass[12pt]{minimal}
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The AB-AN model modifies Eq. ([76](#Equ76){ref-type=""}) by adding a normalisation parameter to the right side, which should take into account effects missing in the approximation. This factor is then fitted to reproduce HERA data using the same type of equation applied to the $\documentclass[12pt]{minimal}
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                \begin{document}$$R^A_g$$\end{document}$ in the leading twist approach to nuclear shadowing \[[@CR807]\]. The main ingredients are the factorisation theorem for hard diffraction and the theory of inelastic shadowing by Gribov. The evolution is done using the DGLAP equations. The experimental input to fix the parameters of the model is given by inclusive diffractive parton distribution functions of nucleons as measured at HERA. For the gluon distribution in the proton the LO distribution from \[[@CR808]\] was used.Fig. 101Lowest-order diagram for the photoproduction of charmonium within the colour dipole model

### Models based on the colour dipole approach {#Sec92}

The basic idea of this formalism is illustrated in Fig. [101](#Fig101){ref-type="fig"}: long before the interaction, the photon splits into a quark-antiquark pair, which forms a colour dipole. Then this dipole interacts with the target and after another long time the dipole creates a vector meson. The cross section in this formalism is given by$$\documentclass[12pt]{minimal}
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                \begin{document}$$(1+\beta ^2)$$\end{document}$ is the correction that takes into account the contribution from the real part of the amplitude \[[@CR810]\]. The imaginary part of the scattering amplitude is given by$$\documentclass[12pt]{minimal}
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                \begin{document}$$\vec {\Delta }$$\end{document}$ is the transverse momentum transferred to the nucleus; the virtuality of the incoming photon is denoted by $\documentclass[12pt]{minimal}
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                \begin{document}$$i(1-z)\vec {r}\cdot \vec {\Delta }$$\end{document}$ in the exponential is a third correction to take into account non-forward contributions to the wave function $\documentclass[12pt]{minimal}
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                \begin{document}$$\Psi _{\mathrm {J}/\psi }$$\end{document}$, in the corrections that were considered and in the formulation of the universal dipole cross section.

In the case of LM the non-forward correction to the wave function was not considered. LM use two different prescriptions for the wave function: the Gauss-LC \[[@CR812]\] and the boosted Gaussian \[[@CR813], [@CR814]\]. $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\mathrm{dip}$$\end{document}$ is written in terms of the cross section of a dipole and a proton, $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \frac{1}{2}\sigma _\mathrm{dip} = 2\pi B_p A N(r,x), \end{aligned}$$\end{document}$$where *N*(*r*, *x*) is the dipole target amplitude. LM use two different models for *N*(*r*, *x*): the IIM model \[[@CR815]\], which is a parametrisation of the expected behaviour of the solution to the BK equation \[[@CR816]--[@CR818]\], which includes a non-linear term for the evolution of *N*(*r*, *x*); and the IPsat model \[[@CR812], [@CR819]\], which uses DGLAP equations to evolve an eikonalised gluon distribution.

The GM-GDGM model uses the boosted Gaussian prescription for the wave function. The dipole cross section is given by $\documentclass[12pt]{minimal}
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                \begin{document}$$R^A_g(x,Q^2)$$\end{document}$. The CSS model is similar to the GM model, but it uses the unintegrated gluon distribution of the nucleus including multiple scattering corrections. It also takes into account higher-order fluctuations of the incoming photon. The Gaussian form of the wave function is used.Fig. 102Cross section for coherent (*left*) and incoherent (*right*) photonuclear production of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ as measured by ALICE \[[@CR779]\] compared to theoretical predictions

Photonuclear production of charmonium: comparing models to measurements {#Sec93}
-----------------------------------------------------------------------

The comparison of the cross sections measured with ALICE and the predictions of the different models is shown in Fig. [102](#Fig102){ref-type="fig"}. Several comments are in order. The spread among the different predictions is quite large, so data impose strong constraints into the different ingredients of the models, in particular at mid-rapidity, which corresponds to the smallest *x*--Bjorken in a pQCD interpretation. The left panel of the figure shows the measurement for $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ coherent production. The AB-MSTW08 curve, corresponding to the absence of nuclear effect in that model, and the AB-EPS08 model, corresponding to strong shadowing, are both disfavoured. The other models are closer to the data and there are several natural refinements that can be done. For example, after the publication of ALICE data the model labelled RSZ-LTA was revisited and a study of the variations of the model with different scales for the coupling constant was performed \[[@CR803]\]. It was found that using data, one could constrain within this model the value of this scale such that data are correctly described. Similar improvements could be made to other models. The preliminary data from CMS (not shown in the figure) is also well described by this updated model and by AB-EPS09, which corresponds to mild shadowing.

The situation with respect to the measurement of incoherent photonuclear production of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ is not that clear. There are less models and less data. The LM--fIPsat model slightly underestimates the data, while the prediction of the same model is above the data for the coherent case. The modification of the RSZ-LTA model from \[[@CR803]\] has not such a large effect in the incoherent case, so that this model is still below the measurement.

The prediction of the cross section for coherent photonuclear production of $\documentclass[12pt]{minimal}
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                \begin{document}$$\psi \text {(2S)} $$\end{document}$ and its comparison to data is even more difficult. As mentioned above, all models fixed the predictions such that they reproduce data from HERA on photoproduction off protons. But HERA data for $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$. One of the consequences is that the STARLIGHT and AB models when all nuclear effects are switched off, have the same prediction for $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ \[[@CR820]\] and not all models, see for example \[[@CR793]\], take into account the full complexity of the wave function. Finally, the preliminary results from ALICE for the coherent production of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ measurements, so that some models were already updated to improve the description of ALICE data. Taking into account these caveats the general conclusion seems to be that models with strong shadowing or without any nuclear effects are disfavoured, while models incorporating a mild form of shadowing are, within the current large experimental uncertainties, relatively close to data.

A somehow surprising result was the ratio of the coherent cross section of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ at mid-rapidity. The measured value is around two times larger than what has been measured in the photoproduction off protons, while most models expected these ratios to be similar \[[@CR786]\]. Note that the experimental uncertainties are still quite large, so this discrepancy is only a bit larger than two sigmas. All models, except AB, are quite close to the ratio measured at HERA, and thus far from that measured by ALICE \[[@CR786]\]. The AB-EPS09 model is closer to the measured ratio, but one has to say that the wave function of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\psi \text {(2S)} $$\end{document}$ was not included in its full complexity, and it is not clear what would happen if it were included. In this case, new data and improved models are much needed.

Another area to watch is the measurement of coherent production of charmonium in peripheral or even semi-central Pb--Pb collisions. As mentioned above, this possibility was discussed some time ago \[[@CR791]\], but no full calculation of the process has been performed. The possibility of a measurement at different centralities, which will be possible during Run 2, will allow one to test different model implementations. For example, if the coherent source were the spectator nucleons, then the distribution of transverse momentum would depend on the centrality.

Summary and outlook {#Sec94}
-------------------

The LHC Collaborations have demonstrated with data from Run 1 that measurements of photonuclear production of charmonium are possible and that these measurements provide valuable information to constrain models and can contribute to a better understanding of shadowing. Present data favour the existence of a shadowing as predicted by EPS09 in the x range $\documentclass[12pt]{minimal}
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                \begin{document}$$^{-2}$$\end{document}$. Furthermore, these data have given a glimpse of two remarkable results: (i) the ratio of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\psi \text {(2S)} $$\end{document}$ to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ cross section for coherent photoproduction seems to be sensitive to nuclear effects; and (ii) it seems to be possible to measure coherent production of charmonium overlapped with hadronic collisions. During Run 2, new data with large statistics will be collected and a definitive answer to these two questions may be given. The new data will also allow one to explore the dependence of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Upsilon $$\end{document}$ production. The already existing measurements and the forthcoming ones represent important milestones in the path going from HERA towards a future dedicated electron--ion facility \[[@CR821], [@CR822]\].

Upgrade programmes and planned experiments {#Sec95}
==========================================

Introduction {#Sec96}
------------

As seen in the previous sections, and also summarised in the next one, alongside the great progress in understanding the physics of heavy quarks in proton--proton and heavy-ion collisions, a lot of questions emerged too. Those, as well as the quest for a quantitative description of the hot deconfined quark--gluon matter, call for upgrades in existing experiments and also for new ones, in which the potential of heavy quarks in answering those questions is fully exploited. Below, we discuss the ongoing efforts and the possibilities for new experiments.

Collider experiments {#Sec97}
--------------------

### The LHC upgrade programme {#Sec98}

The LHC roadmap foresees three long shut-downs (LS) of the machine in order to perform major upgrades. The objective of LS1, recently completed, was the preparation of the machine for 6.5--7 $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal {L} _\mathrm{pp}=10^{34}~\mathrm{cm}^{-2}\,\mathrm{s}^{-1}$$\end{document}$ or even higher. For heavy ions, interaction rates of 10--15 kHz are expected in Pb--Pb in Run 2. The goal of the heavy-ion programme for Run 2 is to collect about a factor 10 more statistics for Pb--Pb collisions with respect to Run 1, while the new energy of $\documentclass[12pt]{minimal}
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LS2, scheduled for 2018--2019, will be mainly devoted to a major upgrade of the injectors as well as interventions performed on the LHC itself aiming at increasing its instantaneous luminosity in $\documentclass[12pt]{minimal}
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                \begin{document}$$\cdot 10^{34}~\mathrm{cm}^{-2}\,\mathrm{s}^{-1}$$\end{document}$ levelled down from higher luminosities \[[@CR824]\] (HL-LHC). The LHC heavy-ion programme is currently planned to extend to Run 4 (2026--2028).Fig. 103Estimated performance of open heavy flavour nuclear modification factor (*left*) and elliptic flow (*right*) with the ALICE upgrade. The $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ dependence of the two observables is assumed based on current measurements and model predictions \[[@CR829]\]

The four major LHC experiments, ALICE, ATLAS, CMS and LHCb, have rich detector upgrade programmes to fully exploit the accelerator upgrades. Three different phases, corresponding to the three LHC long shut-downs towards the HL-LHC, are planned. Heavy-flavour and quarkonium physics, both in $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm pp$$\end{document}$ and Pb--Pb collisions, either drive or strongly benefit from the upgrade programmes.

ALICE is the dedicated heavy-ion experiment, whose strengths, unique at the LHC, are measurements at low $\documentclass[12pt]{minimal}
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The ATLAS and CMS experiments are general-purpose experiments designed primarily for the investigations of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm pp$$\end{document}$ collisions, the Higgs boson discovery \[[@CR825], [@CR826]\] being the major achievement of Run 1 for this physics programme. Both detectors have demonstrated very good performance in heavy-ion collisions too, including measurements devoted to heavy-quarks, as seen in the previous sections. The upgrade programmes of both ATLAS and CMS detectors will extend the studies of Higgs and of physics beyond the standard model with improved detector performances to match the LHC luminosity increases. This will benefit the ATLAS and CMS heavy-ion physics programme as well which is focussed on higher $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$, complementary to the ALICE programme.

The LHCb experiment is the dedicated experiment for the studies of *b*-quark physics in $\documentclass[12pt]{minimal}
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*The ALICE experiment* The ALICE Collaboration consolidated and completed the installation of current detectors during LS1 with the aim to accumulate 1 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {~nb}^{-1}$$\end{document}$ is also envisaged. The implementation of this upgrade programme \[[@CR827], [@CR828]\], foreseen in LS2, includes: a new low material Inner Tracking System \[[@CR829]\] with a forward-rapidity extension (MFT \[[@CR830]\]) to add vertexing capabilities to the current Muon Spectrometer; the replacement of the Time Projection Chamber (TPC) wire chambers with gas electron multiplier (GEM) read-out; a new read-out electronics for most of the detectors and an updated trigger system; a new set of forward trigger detectors \[[@CR831]\] and a new integrated online--offline system.

The new Inner Tracking System \[[@CR829]\], covering mid-rapidity ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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Thanks to this improved performance and the high statistics, a large number of new measurements become possible and the existing measurements will be repeated with improved performance. In the charm sector, at mid-rapidity the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda _c$$\end{document}$/D) crucial for the study of thermalisation and hadronisation of charm quarks in the medium. Two-particle correlation studies with a D meson as "trigger" particles (see Sect. [4](#Sec33){ref-type="sec"}) as well as a measurement of the D-jet fragmentation function will be performed. At forward rapidity the separation of open charm and open beauty production cross sections can be performed via the semi-muonic and $\documentclass[12pt]{minimal}
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The ALICE detector upgrade opens up the possibility to fully reconstruct B$\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ or D-meson decay channels, both at mid- and forward rapidities. Figure [103](#Fig103){ref-type="fig"} gives an example of the expected performance of open heavy flavour nuclear modification factor and elliptic flow measurements \[[@CR829]\].Fig. 104*Left* estimated statistical uncertainties of $\documentclass[12pt]{minimal}
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The ALICE detector upgrade will lead to a significant improvement of the (prompt) $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{2}$$\end{document}$ measurement is illustrated in Fig. [104](#Fig104){ref-type="fig"} (left). At forward rapidity, the measurement of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ measurement, offers an important tool to discriminate between different charmonium production models. The $\documentclass[12pt]{minimal}
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                \begin{document}$$\psi \text {(2S)}$$\end{document}$ measurement is a challenge in heavy-ion experiments, in particular at low $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$. At forward rapidity, the addition of the MFT will allow a precise measurement to be made of $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ even in the most central Pb--Pb collisions. At mid-rapidity the measurement remains very challenging, but a significant result is expected with the full statistics of the ALICE data after the upgrade (Fig. [104](#Fig104){ref-type="fig"} right).

Comparable detection performances at mid and forward rapidities will place the ALICE experiment in the position of studying the heavy flavour QGP probes as a function of rapidity. This will help imposing tighter experimental constraints to the theoretical models.

The physics programme for ultra-peripheral AA collisions (UPC, see Sect. [6](#Sec81){ref-type="sec"}) in ALICE for Run 3 and Run 4 will have the advantage of increased luminosity by a factor of 10 (100) with respect to Run 2 (Run 1). The large increase in statistics could as well allow for the detailed study of processes with a small cross section like the coherent production of $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma \gamma $$\end{document}$ collisions.

*The ATLAS experiment* During LS1, ATLAS achieved the installation of the Insertable B-Layer (IBL) \[[@CR833]\], which is an additional fourth pixel layer, placed closer to the beam pipe at an average radius of 33 mm. It will add redundancy to the inner tracking system, leading to improved tracking robustness. This new layer provides improved pointing resolution of the inner tracker for $\documentclass[12pt]{minimal}
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                \begin{document}$$~\text {GeV}/c$$\end{document}$ and a pseudo-proper decay length resolution improved by about 30 % compared to Run 1, leading to an improved *b*-quark tagging performance \[[@CR834]\]. The inner tracker will be completely replaced during the LS3  \[[@CR835]\] in order to cope with the high luminosity after LS3 of the LHC. This new tracker, composed of silicon pixel and strip layers, will have capabilities equivalent to the current tracker (with the IBL).

During LS2, ATLAS envisages the installation of new Muon Small Wheels and more selective ("topological") Level-1 trigger criteria \[[@CR836], [@CR837]\], which carry the potential to improve the dimuon acceptance at low $\documentclass[12pt]{minimal}
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                \begin{document}$$1.2<|\eta |<2.4$$\end{document}$. The NSW will be integrated into the Level-1 trigger, improving the background rejection. Two technologies, MicroMegas detectors and small-strip Thin Gap chambers, will be used in order to have both a good position resolution ($\documentclass[12pt]{minimal}
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                \begin{document}$$<100~\upmu $$\end{document}$m) and a fast trigger function. A longer upgrade plan of the muon end-caps, consisting in the extension of the muon reconstruction coverage to higher rapidities, is under study. One of the possible scenarios consists in the addition of a warm toroid at small angles combined with new muon chambers at high rapidity. The extension would cover the rapidity range $\documentclass[12pt]{minimal}
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The high luminosity of Run 2 and Run 3 imposes to rise the muon $\documentclass[12pt]{minimal}
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*The CMS experiment* Two phases compose the CMS experiment upgrade programme. The first one, spread over LS1 and LS2, involves consolidation of the current detectors. The upgrade activities in LS1 and LS2 are focussed on the inner pixel detector, the hadron calorimeter, the forward muon systems, and the Level-1 trigger \[[@CR838]--[@CR840]\]. The entire pixel detector will be replaced during the 2016--2017 yearly shut-down. The new device adds a fourth detection layer for redundancy in tracking and leads to an improved fake-track rejection. The pointing resolution will be improved thanks to the reduced material budget and by moving the first detection layer closer to the interaction point, which will substantially improve the *b*-quark tagging capability. The upgrade in the hadron calorimeter Level-1 trigger is motivated by the heavy-ion programme; the significantly improved selectivity for high-$\documentclass[12pt]{minimal}
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The muon system will be completed during LS2 by adding a fourth end-cap layer for $\documentclass[12pt]{minimal}
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                \begin{document}$$1.2<|\eta |<1.8$$\end{document}$ and by improving the read-out granularity at mid-rapidity. During LS1, Level-1 hardware trigger algorithms was upgraded, resulting in an improved muon trigger selectivity \[[@CR841]\]. The impact on the HI physics programme will be a better non-prompt $\documentclass[12pt]{minimal}
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The second phase of the CMS upgrades \[[@CR842]\] planned to be completed during LS3, leads to the readiness of the experiment for physics at the HL-LHC. This includes the extension of the inner tracking system to $\documentclass[12pt]{minimal}
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With regard to UPC (see Sect. [6](#Sec81){ref-type="sec"}), thanks to the increase of statistics expected in Run 3, and pending detail performance studies, CMS would be able to carry out systematic studies for the various $\documentclass[12pt]{minimal}
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*The LHCb experiment* The upgrade programme of the LHCb Collaboration \[[@CR843]\] has two major facets: (i) the replacement of all front-end electronics,[29](#Fn29){ref-type="fn"} which will enable continuous detector read-out at 40 MHz, followed by a full software trigger \[[@CR844]\], (ii) detector upgrades designed for operation at a luminosity increased by a factor of 5 compared to current conditions (levelled nominal luminosity will be 2$\documentclass[12pt]{minimal}
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                \begin{document}$$^{-2}~\mathrm{s}^{-1}$$\end{document}$ in pp collisions). This comprises the replacement of the VELO silicon vertex detector \[[@CR845]\], new tracker systems before and after the dipole magnet \[[@CR846]\], and major upgrades for the systems performing particle identification: the RICH, the calorimeter and the muon system \[[@CR847]\].

The upgraded LHCb detector components will be installed during LS2 and is envisaged to collect a pp data sample of at least 50 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {~fb}^\text {-1}$$\end{document}$. This will significantly enhance the unique physics capability of LHCb for heavy-flavour measurements also in p--Pb collisions. The focus is on rare observables in connection to physics beyond the standard model, but the high-precision measurements of production cross sections for quarkonia and open charm hadrons is a direct bonus.

### The RHIC programme {#Sec99}

The current plans \[[@CR848]\] envisage measurement at RHIC up to mid-2020s, followed by eRHIC. During the 2014 run, thanks to the full implementation of 3D stochastic cooling, RHIC achieved, in Au--Au collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$^{-2}~\mathrm{s}^{-1}$$\end{document}$ reaching 25 times the design value. The ongoing measurements focus on heavy flavour probes of QGP exploiting the newly installed silicon vertex detectors in both PHENIX and STAR experiments. These campaigns will extend up to 2016, when the electron cooling of RHIC is expected to enter in operation. The 2015 run modes are scheduled to be $\documentclass[12pt]{minimal}
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                \begin{document}$$~\text {GeV}$$\end{document}$, opens up the potential of heavy flavour measurements at lowest to-date collider energies.

*The sPHENIX project* The PHENIX Collaboration has a radical upgrade plan consisting on replacing the existing PHENIX central detectors, which have small acceptance and lack hadronic calorimetry, with a compact calorimeter and 1.5 T superconducting magnetic solenoid \[[@CR850]\]. Full azimuthal calorimeter coverage, both electromagnetic and hadronic, will be available in $\documentclass[12pt]{minimal}
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The inner tracking system will be composed of the currently existing Silicon Vertex Detector (VTX) with three additional silicon layers at larger radii to improve the momentum resolution and the track-finding capability. The reconstruction efficiency will be as high as 97 % for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$>2$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$~\text {GeV}/c$$\end{document}$, with a momentum resolution of the order of 1--1.5 % (depending on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$). The pointing resolution will be better than 30 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\upmu $$\end{document}$m for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$>3$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$~\text {GeV}/c$$\end{document}$. The electrons from the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Upsilon $$\end{document}$ decays are identified using a combination of the electromagnetic calorimeter and the inner hadron calorimeter with a pion rejection power better than 100 at a 95 % electron efficiency.

Exploiting this very good performance, sPHENIX will be able to measure the suppression pattern of the three $\documentclass[12pt]{minimal}
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Thanks to the combination of its high-precision inner tracking and calorimetry systems, sPHENIX will be able to perform *b*-quark jet tagging by requiring the presence of charged tracks within the jet with a large distance of closest approach to the primary vertex. Simulations show that for jet $\documentclass[12pt]{minimal}
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                \begin{document}$$~\text {GeV}/c$$\end{document}$ in central Au--Au collisions. Tagging of a *c*-quark jet using the same technique is challenging due to the shorter *c*-hadron lifetime. Nevertheless, *c*-jet tagging performance is under study by associating fully reconstructed D meson with reconstructed jets in the calorimeter. Those heavy-quark jet measurements will be an excellent test of in-medium parton energy-loss mechanisms and will give some insights on the fragmentation functions of heavy quarks.

*STAR experiment* The recently installed Heavy Flavour Tracker (HFT) and Muon Telescope Detector (MTD) will allow for significantly improved measurements for heavy flavour observables already in the 2016 run \[[@CR852]\], as illustrated for the $\documentclass[12pt]{minimal}
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The next stages of the STAR upgrade programme \[[@CR854]\] include on a short term (with focus on BES-II, 2018--2019) an upgrade of the inner part of the TPC read-out chambers as well as a new Event Plane Detector (EPD) covering the rapidity range $\documentclass[12pt]{minimal}
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                \begin{document}$$|y|<1.7$$\end{document}$. The long-term part of the upgrade (foreseen for the 2021--2022 heavy-ion programme and the 2025+ eRHIC programme) includes upgrades on the HFT for faster read-out and a forward rapidity system with tracking and calorimetry. The focus will be on measurements relevant for QGP in AA collisions, CNM effects in p--A collisions and for the spin programme at RHIC \[[@CR848]\]. All heavy-flavour observables will receive significant improvements in precision in these measurements.

The fixed-target experiments {#Sec100}
----------------------------

Fixed-target experiments using hadron beams have played a major role in quarkonium physics, starting with the co-discovery in 1974 of the $\documentclass[12pt]{minimal}
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A few fixed-target projects in connection with heavy-flavour and quarkonium are being discussed in our community at the SPS, Fermilab, FAIR and the LHC. These are reported below.

### Low energy projects at SPS, Fermilab and FAIR {#Sec101}
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The COMPASS Collaboration has recently started to look at Drell--Yan measurements using a 190 GeV pion beam \[[@CR861]\] with the aim of measuring single-transverse spin asymmetries and of measuring the quark Sivers functions \[[@CR862]\]. Data taken during tests in 2009 have revealed that, with the same set-up, they can also measure, with a good accuracy, pion-induced $\documentclass[12pt]{minimal}
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Another experiment at SPS, NA61/SHINE also has plans to move ahead to charm production in the context of heavy-ion physics. Their upgrade relies on the installation of a new silicon vertex detector \[[@CR863]\] which would allow for precise track reconstructions and, in turn, for $\documentclass[12pt]{minimal}
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Finally, the FAIR project, presently under construction at GSI Darmstadt, has a nucleus--nucleus collisions programme devoted to the study of baryon-dominated matter at high densities \[[@CR864]\]. The dedicated Compressed Baryonic Matter (CBM) experiment is designed with the initial priority on the study of open charm and charmonium close to production threshold in Au--Au collisions around 25 GeV-per-nucleon beam energy ($\documentclass[12pt]{minimal}
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### Plans for fixed-target experiments using the LHC beams {#Sec102}

Historically, the first proposal to perform fixed-target experiments with the LHC beams dates back to the early 1990s along with the LHB proposal (see e.g. \[[@CR865]\]) to perform flavour physics studies using the expected $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$ protons colliding on fixed targets results in a centre-of-mass energy close to 115$\documentclass[12pt]{minimal}
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                \begin{document}$$~\text {GeV}$$\end{document}$, in a range where few systems have been studied at a limited luminosity. With the 2.76 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$ Pb beam, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s_{\mathrm{NN}}}$$\end{document}$ amounts to 72$\documentclass[12pt]{minimal}
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                \begin{document}$$~\text {GeV}$$\end{document}$, approximately half way between the top Au--Au and Cu--Cu energy at RHIC and the typical energies studied at the SPS. As discussed in Refs. \[[@CR867]--[@CR870]\], colliding the LHC proton and heavy-ion beams on fixed targets offers a remarkably wide range of physics opportunities. The fixed-target mode with TeV beams has four critical advantages: (i) very large luminosities, (ii) an easy access over the full target-rapidity domain, (iii) the target versatility and (iv) the target polarisation. This, respectively, allows for: (i) decisive statistical precision for many processes, (ii) the first experiment covering the whole negative $\documentclass[12pt]{minimal}
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                \begin{document}$$- 1$$\end{document}$, (iii) an ambitious spin programme relying on the study of single-transverse spin asymmetries and (iv) a unique opportunity to study in detail the nuclear matter versus the hot and dense matter formed in heavy-ion collisions, including the formation of the quark--gluon plasma down to the target rapidities.

*SMOG -- the first step* A first -- probably decisive -- step towards such a project has been made by the LHCb Collaboration using SMOG, a system designed to perform imaging of the beam profiles towards luminosity determination \[[@CR871]\]. SMOG consists in the injection of a gas (Ne for Run 1) in the VErtex LOcator of LHCb; this also allows one to record fixed-target collisions. During test beams, data have been recorded in p--Ne collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$~\text {GeV}$$\end{document}$. The current limited statistics -- due to the limited gas pressure and the short run durations -- has for now only allowed for strange-hadron reconstruction. A handful of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ and charmed mesons might be extracted from these data. In any case, they have illustrated that a detector like LHCb has a very good coverage for the fixed-target mode and proved that this system can be used beyond its primary goal and offers new physics opportunities. LHCb plans in taking more data using SMOG during Run 2. The goal is to accumulate about 0.5 $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {D}^{0}$$\end{document}$ productions. Let us stress here that, thanks to the boost between the cms and laboratory frame, the rapidity shift between them is 4.8 with the 7 $\documentclass[12pt]{minimal}
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*A Fixed-Target ExpeRiment at the LHC, AFTER\@LHC* With a dedicated set-up and run schedule (see below), $\documentclass[12pt]{minimal}
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                \begin{document}$$10^7$$\end{document}$ s LHC proton run, with luminosities three orders of magnitude larger than at RHIC. Pb--A collisions can be studied, during the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$10^6$$\end{document}$ s LHC Pb run, at a luminosity comparable to that of RHIC and the LHC over the full range of the target-rapidity domain with a large variety of nuclei. Quarkonium production, open heavy-flavour hadrons and prompt photons in p--A collisions can thus be investigated \[[@CR867], [@CR868]\] with statistics previously unheard of (see Table [18](#Tab18){ref-type="table"}) and in the backward region, $\documentclass[12pt]{minimal}
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                \begin{document}$$x_F < 0$$\end{document}$, which is essentially uncharted. This would certainly complement the studies discussed in Sect. [3](#Sec18){ref-type="sec"}. In complement to conventional nuclear targets made of Pb, Au, W, Cu, etc., high precision QCD measurements (including some of those discussed in Sect. [2](#Sec2){ref-type="sec"}) can also obviously be performed in $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm pp$$\end{document}$ and p--d collisions with hydrogen and deuterium targets. Finally, looking at ultra-relativistic nucleus--nucleus collisions from the rest frame of one of the colliding nuclei offers the opportunity to study in detail its remnants in collisions where the QGP can be formed. Thanks to the use of the recent ultra-granular calorimetry technology, studies of direct photons, $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi _b$$\end{document}$ production in heavy-ion collisions -- two measurements not available in any other experimental configuration -- can be envisioned (see Ref. \[[@CR872]\] for a similar idea at SPS energies).

To substantiate these claims, we have gathered in Table [18](#Tab18){ref-type="table"} a set of key quantities for two scenarios -- a beam extracted/splitted with a bent crystal with a dense target and a gas target intercepting the full LHC flux --, such as the cms energy, the flux through the target, its length, its density/pressure, the instantaneous and yearly luminosities as well as the $\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$, respectively \[[@CR873]\].

Concluding remarks {#Sec103}
==================

The first Run of the LHC has provided a wealth of measurements in proton--proton and heavy-ion collisions for hadrons with open and hidden charm and beauty. The LHC data complement the rich experimental programmes at Tevatron, SPS and RHIC, extending by factors of about 4, 14 and 25 the centre-of-mass energies accessible in pp, AA and p--A collisions, respectively.

The main features of the data are in general understood. However, the current experimental precision (statistical) and accuracy (systematic uncertainties) is in most cases still limited. This, along with the lack of precise enough guidance from theoretical models, still prevents definite conclusions on production mechanisms in pp collisions (for quarkonia), their modification in p--A, and extraction of key quantities for the QGP produced in AA collisions.

In pp collisions, pQCD calculations at NLO or FONLL describe very well the open charm and beauty production cross sections within, however, rather large theoretical uncertainties, especially for charm at low $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$. At the LHC, this uncertainty also impacts the scaling of the cross sections measured at top pp centre-of-mass energy to the lower Pb--Pb and p--Pb energies. Therefore, it is crucial that the future LHC programme includes adequate pp reference runs at the heavy-ion energies. In the quarkonium sector, there is a large variety of quarkonium production models. To date, none describes consistently the available measurements on production cross section and polarisation. Future data will allow one to constrain the models further and also address the question whether a single production mechanism is responsible for the low- and high-$\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ quarkonia. Understanding the production process will provide insight on the quarkonium formation time, which is an important aspect for the study of medium-induced effects in p--A and A--A collisions. For both open and hidden heavy-flavour hadrons, the correlation of production with the event multiplicity is an interesting facet that may shed light on production mechanisms and the general features of proton--proton collisions at high energy. The connection of these effects with the studies in proton--nucleus and nucleus--nucleus collisions is an open and interesting field of theoretical and experimental investigation.

Initially thought of as a reference for nucleus--nucleus studies, p--A collisions provided a host of interesting results of their own. Nuclear medium effects are observed in p--A collisions on open and hidden heavy flavour at both RHIC and LHC, especially for $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ production at forward rapidity. None of the individual cold nuclear matter (CNM) effects are able to describe the data in all kinematic regions, suggesting that a mixture of different effects are at work. The approach of nuclear parton distribution functions with shadowing explains the basic features of open and hidden heavy flavour despite large uncertainties at forward rapidity and the coherent energy-loss model explains the main characteristics of quarkonium production. Theoretical interpretation of quarkonium excited states is still challenging. The impact of these CNM studies for the understanding of the nucleus--nucleus data in terms of a combination of cold and hot medium effects is yet to be fully understood. In addition, it is still an open question whether the possible signals of collective behaviour observed in high-multiplicity proton--nucleus collisions in the light-flavour sector could manifest also for heavy-flavour production. This question could become accessible with future higher-statistics proton--nucleus data samples at RHIC and LHC.

The strong electromagnetic field of lead ions circulating in the LHC is an intense source of quasi-real photons, which allows for the study of $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma \mathrm {Pb}$$\end{document}$ reactions at unprecedented high energies. The coherent and the incoherent photoproduction of $\documentclass[12pt]{minimal}
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                \begin{document}$$\psi \text {(2S)}$$\end{document}$ is a powerful tool to study the gluon distribution in the target hadron and the first data from the LHC using Run 1 already set strong constraints to shadowing models. The statistical precision is one of the main, and in some cases the dominant, sources of uncertainty of the current measurements. The large increase in statistics expected for Run 2 and other future data-taking periods, as well as improvements in the detectors, the trigger and the data acquisition systems, will allow for a substantial reduction of the uncertainties. These future measurements will then shed a brighter light on the phenomena of shadowing and the gluon structure of dense sources, like lead ions.

The measurements of open heavy flavour production in nucleus--nucleus, proton--proton and proton--nucleus collisions at RHIC and the LHC allow us to conclude that heavy quarks experience energy loss in the hot and dense QGP. A colour charge dependence in energy loss is not clearly emerging from the data, but it is implied by the fair theoretical description of the observed patterns. A quark mass ordering is suggested by the data (some of them still preliminary, though) and the corresponding model comparisons. However, this observation is still limited to a restricted momentum and centrality domain. The important question of thermalisation of heavy quarks appears to be partly answered for charm: the positive elliptic flow observed at both RHIC and LHC indicates that charm quarks take part in the collective expansion of the QGP. This is consistent with thermalisation, but the degree of thermalisation is not yet constrained. For the beauty sector, thermalisation remains an open issue entirely. The role of the different in-medium interaction mechanisms, such as radiative, collisional energy loss and in-medium hadronisation, is still not completely clarified, although the comparison of data with theoretical models suggests the relevance of all these effects.

For the quarkonium families, the LHC data demonstrated the presence of colour screening for both charmonium and bottomonium. In the case of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {J}/\psi $$\end{document}$, the LHC data implies the presence of other production mechanisms, generically called (re)generation. Whether production takes place throughout the full (or most of the) lifetime of the deconfined state or rather suddenly at the confinement transition (crossover) cannot be disentangled using the existing measurements. The $\documentclass[12pt]{minimal}
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                \begin{document}$$\Upsilon $$\end{document}$ production seems to exhibit a sequential pattern, but several assumed quantities in this interpretation (e.g. the feed-down contributions) make the situation not satisfactory enough.

The next steps in the study of heavy-flavour hadron production in heavy-ion collisions will lead to a stage of quantitative understanding of the data, towards the extraction of the charm and beauty quarks transport coefficients and the temperature history of the deconfined state, including the temperature of the confinement crossover. An incremental, but nevertheless important, progress is expected with the existing experimental set-ups at RHIC and the LHC (where in particular the increased collision energy enhances the relevance of the data in the next three years). The ultimate goal can only be achieved with upgraded or new detectors, which will allow for the extension of the set of observables and the precision of the measurements over a broad range of collision energies.

This experimental effort needs to be matched on the theory side. Even though the field of study of extreme deconfined matter with heavy quarks seems to be driven by experiment, the contribution of theory is of crucial importance. In particular, accurate theoretical guidance and modelling are required to interpret the measurements in terms of the QGP properties mentioned in the previous paragraph. Ultimately, the quantitative stage can only be reached in a close collaboration of experiment and theory.

<https://twiki.cern.ch/twiki/bin/view/ReteQuarkonii/SaporeGravis>.

<https://indico.cern.ch/event/247609>.

<https://indico.cern.ch/event/305164>.

We stress here that this widespread procedure to assess theoretical uncertainties associated with pQCD computations does not provide values which should be interpreted as coming from a statistical procedure. This is only an estimate of the missing contributions at higher-order QCD corrections.

We, however, note that a first attempt to evaluate colour octet *decay* LDMEs was made in \[[@CR79]\]. In principle they can be related by crossing symmetry to the *production* LDMEs which are relevant for the present discussion. Quantitative results are, however, still lacking.

A recent LO study has also been performed including LHC data in the used sample \[[@CR83]\].
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ or *y*, such a distance can significantly be larger.

Let us stress that the NRQCD band in Fig. [9](#Fig9){ref-type="fig"}a is not drawn for $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ lower than 5 GeV because such a NLO NRQCD fit overshoots the data in this region and since data at low $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ are in fact not used in this fit. For a complete discussion of NLO CSM/NRQCD results for the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$-integrated yields; see \[[@CR67]\]. As regards the CEM curves, an uncertainty band should also be drawn (see for instance \[[@CR169]\]).

The expected difference between prompt and direct is discussed later on.

As encoded in [ChiGen]{.smallcaps}: <https://superchic.hepforge.org/chigen.html>.

The present ratio depends on the polarisation of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi _c$$\end{document}$ since it induces different acceptance correction.

For the *P* wave case, the distinction between colour-singlet and colour-octet transition is not as clear that for the *S* wave. In particular the separation between CS and CO contribution depends on the NRQCD factorisation scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _\Lambda $$\end{document}$.

See \[[@CR224]\] for the definition of the corresponding axes.

Irrespective of the experimental techniques used to extract it, a sample of *inclusive* low $\documentclass[12pt]{minimal}
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                \begin{document}$$\psi \text {(2S)} $$\end{document}$ at energies around 100 $\documentclass[12pt]{minimal}
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                \begin{document}$$~\text {GeV}$$\end{document}$ is essentially purely direct.

In the following we will use the generic symbol p--A to denote both p--A and d--A collisions.

By coherence with the use of LO hard matrix elements, one may prefer to use LO nPDFs.

To simplify the comparison, one simply uses the central curve of EPS09 as well as four specific extreme curves (minimal/maximal shadowing, minimal/maximal EMC effect), which reproduce the envelope of the gluon nPDF uncertainty encoded in EPS09 LO.

As for instance in the colour Evaporation Model. In the colour Singlet Model for $\documentclass[12pt]{minimal}
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                \begin{document}$${c\overline{c}} $$\end{document}$ pair is produced, but in conjunction with a hard gluon, thus making no qualitative difference with the production of a compact colour octet state.

This is the so-called "grazing expansion" \[[@CR502]\], well justified for non-relativistic heavy quarks.

The Einstein relation is not necessarily satisfied for all momenta $\documentclass[12pt]{minimal}
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An alternative consists in using an effective model for quark-*Q* scattering via D-meson-like resonance excitations in the QGP based on heavy-quark effective theory (HQET) and chiral symmetry in the light-quark sector \[[@CR620]\].

As open heavy flavour and quarkonia are produced via the same processes, any modifications of the initial state will not modify the yield ratio of quarkonia to open heavy flavour states.

References to experimental results are reported in Tables [12](#Tab12){ref-type="table"} and [13](#Tab13){ref-type="table"}.

References to experimental results are reported in Table [14](#Tab14){ref-type="table"}.

Note that in this Table the calculation of the binding energies and radii of the quarkonium states is made with an arbitrary potential model with arbitrary parameters, so they do not correspond to the experimental masses of quarkonia but are model dependent. These values are to be taken as an illustration of the expected Debye screening ordering.

A possible mean-field term has been neglected.

The integrated luminosity of the 2010 Pb--Pb run, ten times smaller than in 2011, was not sufficient to perform the measurements described below, although it was enough to measure the coherent production of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\rho ^0$$\end{document}$ mesons \[[@CR764]\].

The replacement of front-end electronics implies, for some of the LHCb detectors, like the silicon trackers, the replacement of the active elements.

<http://home.web.cern.ch/about/experiments/ua9>.
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